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ABSTRACT 
This thesis examines the development of leucocyte lineage cells in human 
ocular tissues. Microglia have previously been considered to be distinctive cells 
unique to the CNS. However, the present thesis supports the concept that retinal 
microglia may be similar to, or on a continuum with, MHC class 11-expressing cells 
which populate a variety of mammalian ocular tissues and may represent elements of 
the ocular immune system. 
The results indicate that populations of resident leucocyte lineage cells are 
present in most ocular tissues by 10 weeks' gestation. Corneal Langerhans cells 
(dendritic cells) and macrophages were distributed in both the epithelium and stroma 
and were characteristically concentrated in the central cornea. Macrophages 
comprised approximately 30% of the total population of MHC class 11-positive cells 
(Chapter 3). 
Retinal microglia, however, were first observed at the retinal margin, 
becoming concentrated at more central locations during development. It is proposed 
that microglia migrate into the developing human retina via two principal routes: the 
retinal margin and the optic disc (Chapter 4). The data also indicate that microglia 
expressing Mac S22 antigen comprise a subpopulation of the MHC and CD45-
positive cells during development. However, no close correlation was observed 
between morphology and antigenicity in these studies; both dendritiform and 
rounded cells were labelled using antibodies directed against leucocyte, MHC and 
macrophage antigens. Furthermore, topographical analyses suggest that MHC and 
CD45-positive microglia enter the retina from both the peripheral retinal margin and 
the optic disc from at least 10 weeks' gestation; Mac S22-positive cells, however, 
appear in association with the development of the retinal vasculature and enter the 
retina via the optic disc after 14 weeks' gestation (Chapter 5). 
Comparisons between leucocyte lineage cells of human foetal retina 
(Chapters 4 & 5) and other ocular and non-ocular tissues, including skin, cornea, 
choroid, RPE, iris, sclera, extra ocular muscle, hyaloid and optic nerve (Chapter 3 
and 6) suggest that all ocular tissues, including the neural retina, are populated by 
resident populations of dendritic cells and macrophages. Consistent with findings in 
the other tissues, retinal microglia were found to be a heterogenous population. Less 
than 50% of microglia appeared to be macrophages on the basis of Mac S22 
v 
reactivity, while the majority of microglia had phenotypic and morphologic 
characteristics in common with cells of known immune function, the dendritic cells. 
Lastly, these results were compared with similar experiments using mature 
rodent ocular tissues (Chapter 7). Significant interspecies and intraspecies (strain) 
differences are indicated. While the majority of retinal microglia are MHC class II-
positive in the human, MHC class II-positive microglia appear to comprise only a 
very minor subpopulation of the retinal microglia in the mouse and rat. Implications 
for ocular immunology are discussed. 
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ABBREVIATIONS 
CNS central nervous system MHC major histocompatibility 
complex 
WG weeks' gestation MPS mononuclear phagocytic 
series 
RPE retinal pigment epithelium pm post mortem 
INZ inner neuroblastic layer C02 carbon dioxide 
ONZ outer neuroblastic layer PB phosphate buffer I I 
I 
VL ventricular layer PLP paraformaldehyde lysine 
periodate 
GCL ganglion cell layer DMSO dimethyl sulphoxide 
IPL inner plexiform layer PBS phosphate buffered saline 
INL inner nuclear layer DAB diaminobenzidine 
OPL outer plexiform layer TBS tris buffered saline 
ONL outer nuclear layer lg immunoglobulin 
NFL nerve fibre layer FITC fluorescein isothiocyanate 
BBB blood-brain barrier MHC-1 MHC class I 
SPARC Secreted Protein, Acidic and MHC-11 MHC class II 
Rich in Cysteine 
VEGF vascular endothelial growth Mac S22 macrophage S22 
factor 
VPF vascular permeability factor H202 hydrogen peroxide 
ROP retinopathy of prematurity DC dendritic cell 
BRB blood-retinal barrier LC Langerhans cell 
GFAP glial fibrillary acidic protein EM electron microscopy 
ATP adenosine triphosphatase SD standard deviation 
ADP adenosine diphosphatase uv ultraviolet 
IDP inosine diphosphatase AIDS acquired immune deficiency 
syndrome 
NDP nucleoside diphosphatase EOM extra-ocular muscle 
TPP thiamine pyrophosphatase FACS fluorescence-activated cell 
sorter I 
AcP acid phosphatase APC antigen-presenting cell 
CD clusters of differentiation MLR mixed lymphocyte reaction ! 
LCA leucocyte common antigen 
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EMBRYOLOGY OF THE HUMAN EYE 
The eye is suspended within the orbital cavity by six extraocular muscles and 
protected by the orbit, the eyelids, the conjunctiva and the lacrimal apparatus. The 
wall of the eye consists of three tunics (Fig. 1.1) - the innermost tunic is the retina 
which commences anteriorly at the rim of the pupil and is divided into two parts at 
the ora serrata; the non-neuronal anterior pars caeca, comprising the bilayered iris 
and ciliary epithelium and the posterior pars optica retinae or neural retina. The 
neural retina is perforated by the optic nerve near its posterior pole. The middle tunic 
of the eye ball is the uvea (tunica vasculosa bulbi) which consists of the iris, ciliary 
body and choroid. The third ocular tunic, the tunica fibrosa bulbi, is formed by the 
corneal stroma and sclera. 
The mammalian eye develops as an outgrowth from the central nervous 
system (CNS) and the processes involved in the development of the eye are similar 
in all vertebrates (Mann, 1928). The tissues comprising the vertebrate eye are 
CORNE 
Figure 1.1. Diagram of the primate eye (from Krebs and Krebs, 1991). 
CB, ciliary body; F, fovea centralis; I, iris; OS, ora serrata; P, 
papilla nervi optici; PC, pars caeca retinae; PE, pigment 
epithelium; PO, pars optica retinae; arrow, rim of pupil. 
Chapter I. General Introduction 3 
derived from the neural ectoderm, the optic neural crest, the surface ectoderm, and 
the mesoderm. The optic primordium, representing that part derived from the 
neuroectoderm, appears at about 22 days' gestation in humans (Mann, 1964; 
O'Rahilly, 1975). Arising in the primordium, at the time when the neural folds are 
still open, is the optic sulcus. At this early stage, enlargement of the optic sulcus 
results in formation of the the optic evaginations (the dorsal half of the evaginated 
part of the neuroectoderm), which are in direct contact with the surface ectoderm 
(Robinson, 1991). By about 25 days' gestation, following formation of the neural 
tube (Ozanics and Jakobiec, 1990), the optic evaginations become optic vesicles 
which are continuous with the forebrain neuroectoderm via a hollow optic stalk 
(Robinson, 1991). The neuroectoderm (wall of the optic vesicle) and surface 
ectoderm thicken at their point of contact to form the retinal disc and lens disc, 
respectively, at about 27 days' gestation. Distally, at the ventral wall of the optic 
stalk, the optic fissure first develops as a groove extending into the eyecup. 
Continuity between the putative vitreous chamber and the outlying mesenchyme is 
provided by the optic fissure (Robinson, 1991 ). Subsequently, invagination of the 
retinal disc results in formation of the optic cup, and the indented lens disc forms the 
lens pit. Closure of the lens pit forms the lens vesicle at about 29 days' gestation 
(Ozanics and Jakobiec, 1990), the cavity of which is obliterated by elongation of the 
cells of the deep wall forming the primary lens fibres (Haines and Mohiuddin, 1972). 
The basement membrane of the invaginating surface ectoderm forms the lens capsule 
(O'Rahilly, 1966). At about 33 days' gestation (Ozanics and Jakobiec, 1990), the 
developing lens moves deep into the optic cup and the cup margins grow inwards 
over its anterior surface (Mann, 1964; Haines and Mohiuddin, 1972). At later stages 
of development, the walls of the optic fissure fuse . 
The optic cup consists of two walls; one forms the inner, thicker, nervous 
retinal layer and the other forms the outer, thinner, pigmented layer. The vitreous 
body is formed from the mesenchyme which intervenes between the lens and the 
retina, while the sclera and choroid are formed from the mesenchyme surrounding 
the optic cup. The cornea, continuous at its margins with the sclera, is formed by 
condensation of the ectoderm superficial to the lens (Haines and Mohiuddin, 1972). 
Deep mesenchyme near the cup margin forms the iris and ciliary body. Both layers 
of the optic cup margin become pigmented, forming the posterior surface of the iris. 
A series of splits in the mesenchyme between the iris and cornea and between the iris 
and lens, form the anterior and posterior chambers, respectively (Haines and 
Mohiuddin, 1972). 
Chapter 1. General introduction 4 
Sclera 
The sclera first appears as a mesodermal condensation external to the 
primitive choroid (Mann, 1964; Hogan et al., 1971) and differentiation occurs in an 
anteroposterior route directed from inside outwards (Sellheyer and Spitznas, 1988a). 
Formation of collagenous and elastic fibres of the sclera commences anteriorly 
during the third month, forming a continuous, thicker, and more dense coat around 
the globe by the fifth month (Duke-Elder and Cook, 1963; Mann, 1964; Hogan etal., 
1971). 
Cornea 
Development of the five corneal layers begins when the lens separates from 
the surface ectoderm at about 33 days' gestation. Initially, the corneal epithelium is a 
continuation of the surface ectoderm, but later arises from the superficial cells of the 
corneal stroma (Sevel and Isaacs, 1988). The epithelium is only 2 to 3 layers deep, 
resting on a thin basal lamina when the lids are fused during early gestation, and 4 to 
5 layers deep when the lids are separated. Bowman's membrane is an acellular zone 
of the anterior stroma which develops from superficial mesenchymal cells of the 
stroma, relatively late in gestation (Fig. 1.2). The corneal stroma and endothelium 
are reported to evolve from primordial neural crest (Beauchamp and Knepper, 1984). 
The corneal stroma, consisting of highly organised collagen and ground substance, 
together with a relatively small population of fibroblasts (keratocytes) (Marshall and 
Grindle, 1978), develops in situ from mesenchyme (Sevel and Isaacs, 1988). At 8 
weeks' gestation (WG), Descemet's membrane, the basement membrane of the 
corneal endothelial cells, arises from deep mesenchymal cells of the stroma (Sevel 
and Isaacs, 1988); though initially cellular, with maturity it becomes a homogeneous 
structure. Mesenchymal cells of the posterior stroma also give rise to the 
endothelium which consists of a single layer of thin, hexagonal cells. By 22 WG the 
morphological appearance of the cornea is almost adultlike (Sellheyer and Spitznas, 
1988c). 
Lens 
Common developmental mechanisms of embryonic lens formation are 
indicated for all vertebrates (Grainger et al., 1992). Grainger et al. (1992) reported 
four stages in this process. Initially, ectoderm gains the ability to respond to lens 
inducers. Following commencement of lens induction there is an intermediate stage 
in which a large region of ectoderm gains a lens-forming bias as a result of early 
inductive signals. The lens ectoderm becomes able to differentiate on its own by the 
time of neural tube formation. Finally, continued signals which enhance lens 
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Schematic diagram of the developing human cornea (from 
Figure 7, Ozanics and Jakobiec, 1990). By 12 WG (D) the 
epithelium has 2 to 3 layers of cells. The adult structure of 
the cornea is established at 7 months (F). 
differentiation are provided by the optic vesicle. For example, the neural retina has 
been shown to contain factors (McAvoy, 1980), including fibroblast growth factor 
(McAvoy et al., 1991 ), which stimulate lens differentiation. 
5 
The vessels of the hyaloid system are applied to the lens capsule, as the 
tunica vasculosa lentis, later in the embryonic period (O'Rahilly, 1975). The outer 
layers of the posterior capsule may have components from the mesodermal tissues 
forming the hyaloid vascular network (Ozanics and Jakobiec, 1990). The basic 
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anatomy of the lens is established after the commencement of secondary fibre 
formation at 7 WG (Mann, 1964 ). Due to the continued generation of secondary 
fibres, the equatorial diameter increases rapidly and the lens becomes more ellipsoid. 
Structural densification occurs progressively during maturation (Ozanics and 
Jakobiec, 1990). 
Anterior Chamber 
Development of the anterior chamber is a dynamic transition from an 
embryonic cleft to the adult anterior chamber (Sevel et al., 1985). The neural crest is 
thought to play a role in the development of most tissues lining the anterior chamber 
(Beauchamp and Knepper, 1984). The cornea, lens, tunica vasculosa lentis, the iris, 
the ciliary epithelium, and the trabecular meshwork all play important roles in the 
development of the anterior chamber. The foetal anterior chamber has been reported 
to develop in three stages (Sevel et al., 1985). First, a passive stage of lenticular 
cavity formation in which the lens recedes posteriorly forming a cavity between the 
cornea and lens. The second, expanding phase, is an active stage whereby the 
developing anterior chamber expands both in depth and peripherally, and is 
accompanied by development of the trabecular meshwork and the ciliary epithelium. 
The canal of Schlemm forms soon after and the developing iris grows towards the 
centre of the eye anterior to the lens, dividing the cavity into anterior and posterior 
chambers. The third phase, of maturation of the filtration angle, occurs when corneal 
endothelium merges with the cells of the trabecular meshwork (Sevel et al., 1985). 
Vitreous Body 
A transitory system of hyaloid vessels nourishes internal structures of the 
developing eye and almost completely fills the primary (vascular) vitreous during 
foetal development (Mann, 1964 ). The primitive dorsal ophthalmic artery gives rise 
to the hyaloid artery which enters the developing eye through the optic fissure and 
branches within the primary vitreous as the vasa hyaloidea propria. Arborisation of 
the hyaloid artery produces terminal branches, the tunica vasculosa lentis, 
surrounding the posterior lens capsule. Other capsulopupillary vessels anastomose 
with the annular vessel around the outer edge of the optic cup; the anterior and 
central projection of the annular vessel forms the pupillary membrane and the 
anterior vascular lens capsule (Ozanics and Jakobiec, 1990). Secondary (avascular) 
vitreous contains primitive hyalocytes, is characterised by a finer, more compact 
fibrillar network, and is sharply demarcated from the primary, vascular vitreous. 
Tertiary vitreous, in the anterior peripheral region at the rim of the cup, contains 
thicker collagen fibres and is evident from the third month (Mann, 1964 ). 
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Components of the hyaloid vascular system regress uniformely such that the vasa 
hyaloidea propria regresses first, followed by capillaries of the tunica vasculosa 
lentis and then the hyaloid artery (Jack, 1972). Closure of the tunica vasculosa lentis 
capillaries and capillaries of the pupillary membrane occurs by cellular occlusion by 
macrophages (Jack, 1972). Occluding macrophages can arise by in situ 
differentiation of peripheral blood monocytes in the stagnated capillary lumen or by 
entrance of pericapillary tissue macrophages into the capillary lumen through 
capillary walls (Jack, 1972). In the developing mouse eye macrophages are reported 
to be involved in developmentally programmed tissue remodelling with the hyaloid 
vessels and the pupillary membrane being the principal targets of macrophage-
mediated remodelling (Lang and Bishop, 1993). In addition, evidence suggests that 
macrophages actively elicit target cell death during development of the mouse and 
rat eye by inducing apoptosis (Lang and Bishop, 1993; Lang et al., 1994). During the 
fourth month, remnants of the primary vitreous and the atrophying hyaloid artery 
become relegated to a narrow central zone, Cloquet's canal (Ozanics and Jakobiec, 
1990). By birth the hyaloid system has almost completely disappeared (Ozanics and 
Jakobiec, 1990). 
Uvea 
a) Choroid 
The choroidal vascular system comprises layers of vessels set in a wide and 
loose textured stroma. Mesenchyme surrounding the outer layer of the newly formed 
optic cup gives rise to sporadic vessels originating from endothelial blood spaces 
(Mann, 1964; Ozanics and Jakobiec, 1990) and by the second month, the pigment 
epithelium is surrounded by the primitive choriocapillaris (Duke-Elder and Cook, 
1963; Mann, 1964; Heimann, 1972; O'Rahilly, 1975; Sellheyer and Spitznas, 
1988b). During the fourth month, Haller's layer, the layer of large vessels, is evident. 
Connections between arterial and venous vessels in Haller's layer develop into 
Sattler's layer of small vessels by the fifth month. The definitive choroidal blood 
supply forms by anastomoses between the choriocapillaris and the short ciliary 
arteries (Ozanics et al., 1978). Patches of basal lamina and occasional pores facing 
Bruch's membrane are evident very early in development (Ozanics et al., 1978), 
consistent with adult choroidal vessels which have numerous fenestrations, little 
basement membrane and are highly permeable. 
Chapter 1. Genera/Introduction 8 
b) Ciliary Body 
The rim of the optic cup and the adjacent mesoderm begin a phase of rapid 
growth and by 10 WG form the common primordium of the ciliary body and the iris 
(Mann, 1964; O'Rahilly, 1975). The associated mesoderm gives rise to the stroma, 
ciliary muscle, suprachoroidal lamellae and blood vessels, while the neuroectoderm 
of the optic vesicle forms an outer pigmented and an inner unpigmented epithelium 
that line the ciliary body (Hogan et al., 1971). Differentiation of the stromal 
elements of the ciliary body begins with accumulation of mesenchyme between the 
growing margins of the optic cup and surface ectoderm (Ozanics and Jakobiec, 
1990). The pigmented epithelium of the ciliary region bulges internally as ciliary 
folds which subsequently develop into the ciliary processes (Wulle, 1972). Behind 
the ciliary processes, the posterior part of the ciliary body forms the pars caeca, 
extending to the ora serrata (Hogan et al., 1971). By the fifth month, in situ 
condensation of the mesenchyme between the optic cup and the sclera results in 
development of the ciliary muscle. Endothelial sprouts from the vascular network 
around the optic cup give rise to the vessels in the ciliary processes (Wulle, 1972) 
and during late gestation, anastomoses between the vasculature of the ciliary body 
and the choroid are established. 
c) Iris 
The iris is continuous with the ciliary body and is derived from both the 
neuroectodermal layers of the optic cup and the adjacent mesenchyme (Mann, 1964; 
O'Rahilly, 1975). The mesoderm gives rise to the stroma of the iris and the pupillary 
membrane, while the neuroectoderm forms the sphincter and dilator muscles and the 
posterior and anterior iris epithelium (Hogan et al., 1971). By 10 WG, there is a 
rapid forward growth of both walls of the optic cup. The two neuroectodermal layers 
become the epithelial layers of the iris (Hogan et al., 1971; O'Rahilly, 1975). During 
the seventh month, pigmentation of both epithelial layers is complete. Rapid 
development of the vascular system of the iris and pupillary membrane occurs at 8 to 
9 WG with formation of vascular arcades, resulting from anastomosis of the long 
posterior ciliary arteries with the annular vessel (Hogan et al., 1971). By the sixth 
month, the major circle of the developing iris is completed by forward growth of the 
long posterior ciliary arteries to meet the annular vessel (Hogan et al., 1971). The 
central vascular arcade of the pupillary membrane disappears during the seventh 
month, and is followed by formation of the minor vascular circle of the iris. 
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Retina 
The retina is a thin, transparent tissue lining the sclera and attached to the 
choroid via the retinal pigment epithelium (RPE). In the human retina, cells of the 
inner layer of the optic cup differentiate into an inner (INZ) and an outer 
neuroblastic (ONZ) layer at 5 WG, separated by the non-nucleated transient fibre 
layer of Chievitz (Mann, 1928; Hogan et al., 1971). Mitotic figures are present in the 
ventricular layer (VL) at the external aspect of the ONZ. During early development, 
the mammalian retina is most advanced in the region of the posterior pole 
(O'Rahilly, 1975), differentiating in a centroperipheral sequence (Mann, 1964; 
Hollenberg and Spira, 1972, 1973; Rhodes, 1979; Rapaport and Stone, 1982, 1984; 
Provis et al., 1985a; Robinson, 1987; Linberg and Fisher, 1990) with mitotic 
divisions of cells in the ventricular layer ceasing first in the central retina (Mann, 
1964; Rapaport and Stone, 1983; Provis et al., 1985a). Evidence suggests that the 
region of peak ganglion cell density at the human fovea (Mann, 1950) and cat area 
centralis (Robinson, 1987, 1991; Robinson et al., 1989) of the adult retina may be 
derived from the first part of the optic vesicle to contact the surface ectoderm. Thus, 
the area centralis and the fovea are the most developmentally advanced retinal 
regions from the earliest stages of eyecup formation. In many non-primate mammals, 
retinal differentiation begins from the area centralis and proceeeds asymmetrically to 
form a visual streak specialisation (Rapaport and Stone, 1982, 1983; Stone et al., 
1982, 1985). 
The cells of the INZ and ONZ will develop into the retinal neurones and the 
ONZ will form the photoreceptors; the INZ differentiates into an outer layer 
comprising five or six rows of cells which become MUller, amacrine and horizontal 
cells and an inner two or three layers of cells which become the ganglion cell layer 
(GCL) (Hogan et al., 1971 ). Morphological studies indicate that the limiting 
membranes are established early in retinal morphogenesis (see MUller cells, below). 
In the human retina, the external limiting membrane is evident at 5 WG between the 
outer plasma membranes of adjacent neuroblasts (Ozanics and Jakobiec, 1990). A 
thin basal lamina evident over the inner surface of the marginal layer plus 
contributions from the developing MUller cell processes combine to from the 
primitive internal limiting membrane (Ozanics and Jakobiec, 1990). The GCL is 
present centrally by 9 WG (Spira and Hollenberg, 1973) and well established by 15 
WG together with all retinal layers at the putative fovea (van Driel et al., 1990). At 9 
WG the inner plexiform layer (IPL) separates the GCL from the inner nuclear layer 
(INL) in the posterior retina (Spira and Hollenberg, 1973). The outer plexiform layer 
(OPL) appears by 10 to 12 WG (Spira and Hollenberg, 1973; Linberg and Fisher, 
Chapter 1. General Introduction 10 
1986) between the rods and cones and the cells of the INL, bipolar, amacrine, MUller 
and horizontal cells. Synapses appear in the IPL and OPL by 12 WG and by 15 WG 
conventional and ribbon synapses display forms similar to the adult (Spira and 
Hollenberg, 1973; van Driel et al., 1990). In the human retina, the outer nuclear 
layer (ONL) consists of photoreceptor somata, evident in the posterior retina by 10-
12 WG (Linberg and Fisher, 1990; Diaz-Araya and Provis, 1992b). 
Retinal differentiation by the fifth month is characterised by an elongation of 
rod and cone cells, thickening of the two plexiform layers and a decrease in 
thickness ofthe INLand GCL (Hollenberg and Spira, 1972, 1973). During the sixth 
month the final arrangement of cells and their processes are established (Fig. 1.3), 
although the rod and cones differentiate further. Photoreceptor outer segments 
differentiate after 23 WG (Yamada and Ishikawa, 1965) and in primates, discs in the 
rod outer segments are fully differentiated at birth while sacs in the cone outer 
segments are not differentiated until at least two months after birth (Samorajski et 
al., 1965). In the human retina mitosis ceases in the periphery of the ventricular layer 
by about 30 WG (Provis et al., 1985a). 
At birth, the primate fovea is immature (Mann, 1928; Abramov et al., 1982), 
yet the fovea itself is the first part of the retina to commence differentiation (Linberg 
and Fisher, 1986). Foveal development is a continuous and active process and the 
fovea is the last retinal region to reach maturity (Hendrickson and Kupfer, 1976; 
Yuodelis and Hendrickson, 1986). In the temporal human retina, the putative fovea 
can be defined as early as 11-12 WG when a monolayer of foveal cone somata is 
evident in the ONL as cells leave the mitotic cycle (Hollenberg and Spira, 1972; 
Provis et al., 1985a; Linberg and Fisher, 1990; van Driel et al., 1990; Diaz-Araya 
and Provis, 1992a, 1992b ). Development of the fovea commences early in gestation 
and is characterised by accumulation and redistribution of neuronal and glial 
elements. Two separate cell migrations occur during foveal development - centrally 
in the photoreceptor layer to increase cone density and peripherally in the inner 
retinal layers to form the foveal pit (Hendrickson, 1994). The accumulation of 
ganglion cells seen at the site of the developing fovea is an early indication of a 
specialisation of the inner retinal layers associated with the putative fovea (Provis et 
al., 1985a). Slow migration of these cells away from the site of the developing fovea 
can be detected quantitatively by 17-18 WG (Provis et al., 1985a) suggesting the 
commencement of centrifugal migration of retinal elements which results in 
formation of the foveal depression (Hendrickson and Yuodelis, 1984; Yuodelis and 
Hendrickson, 1986). Furthermore, centripetal photoreceptor displacements, which 
commence early in gestation, result in concentration of photoreceptors centrally 
Figure 1.3 Radial sections of resin-embedded human foetal retina at 
10-12 WG (A, B), 16 WG (C, D) and 19 WG (E, F). 
Sections are shown in central (left, A , C , E) and 
peripheral (right, B, D, F) retina. All laminae present in 
the mature retina are evident at a very early developmental 
stage in central retina (A), but are less developed in the 
periphery at all ages (B, D, F). C, cones; INZ, inner 
neuroblastic layer; ONZ, outer neuroblastic layer; TLC, 
transient layer of Chievitz; GCL, ganglion cell layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; ONL, 
outer nuclear layer; OPL, outer plexiform layer; RPE, 
retinal pigment epithelium; VL, ventricular layer; asterisk, 
mitotic figure (D)/differentiating cells (F) (from Provis et 
al., 1985a, courtesy of Dr. J. Provis). 
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(Diaz-Araya and Provis, 1992b ), ultimately producing the high densities of cones 
seen in the mature fovea (Mann, 1964; Hendrickson and Yuodelis, 1984; Yuodelis 
and Hendrickson, 1986; Diaz-Araya et al., 1993a). The foveal depression is not 
evident histologically until around 24 WG (Hendrickson and Yuodelis, 1984; 
Yuodelis and Hendrickson, 1986). 
Close contact between the outer layer of the optic cup and the overlying 
mesenchyme appears to induce the neuroectoderm to differentiate into pigment 
epithelium (Robinson, 1991). Melanogenesis commences near the rim of the optic 
cup at about the time that the lens separates from the surface ectoderm 
(approximately 7 WG). Production of melanin then spreads towards the centre of the 
eyecup, with the base of the optic stalk being the last area to become pigmented 
(Strongin and Guillery, 1981). In the macular region, the RPE cells are enlarged and 
pigmented by the fourth month and the basal lamina, Bruch's membrane, first 
apparent at 6 WG, is well established by midterm (Ozanics andJakobiec, 1990). At 
the seventh month, the ora serrata is level with the midciliary body, slowly receding 
to the posterior border of the ciliary body after birth. Some retinal differentiation is 
still evident after birth, particularly at the macula. 
Mechanisms of Development of Retinal Topographies 
Development of ganglion cell topography has three major characteristics; (i) 
initially there is an overproduction of ganglion cells which is subsequently 
eliminated, (ii) a centro-peripheral sequence of establishment of retinal laminae 
follows, and (iii) specialisations in the GCL develop from a relatively unifrom 
distribution of cells. In contrast, development of foveal topography is characterised 
by concentration of photoreceptors centrally and centrifugal migration of inner 
retinal elements. The degree to which different developmental mechanisms may 
contribute to the development of retinal topographies varies between the GCL and 
the layer of photoreceptors. Developmental processes which affect cell distributions 
in the neural retina are summarised below. 
(i) Differential Retinal Growth. Overall, it has been demonstrated that the 
peripheral retina grows more than the central retina, analagous to the inflation of a 
ballon (Mastronarde et al., 1980; Robinson, 1987). It has been proposed that cells 
born early have larger centro-peripheral density ratios due to their longer period of 
exposure to the cumulative effects of non-uniform retinal expansion (Robinson, 
1991). While several reports consider this to be a major mechanism in development 
of retinal topographies (Stone et al., 1982; Mastronarde et al., 1984; Sengelaub et 
al., 1986; McCall et al., 1987; Wong and Hughes, 1987; Robinson et al., 1989), 
others have suggested that it alone cannot account for the large centro-peripheral 
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gradients seen in most mammalian retinae (Beazley and Dunlop, 1983; Provis and 
van Driel, 1985), including the fovea (Packer et al., 1990). 
(ii) Transretinal Migration. Photoreceptors migrate centripetally throughout 
development. In addition, ganglion cells appear to migrate centrifugally during 
foveation (Kirby and Steineke, 1992). However, it has been suggested that in 
marsupials ganglion cells migrate from the dorsal and ventral retina and contribute to 
the establishment of the high density, visual streak (Beazley and Dunlop, 1983). 
While it remains plausible that centripetal migrations of ganglion cells also 
contribute to the very high densities seen in central primate retina, surrounding the 
fovea, no data exists to either support or refute this hypothesis (Perry et al., 1983; 
Sengelaub et al., 1986). 
(iii) Natural Cell Death. Cell death is an important process in the normal 
development of most regions of the mammalian CNS, including the retinal GCL and 
INL (GlUcksman, 1965). As neurones die, condensation of their nuclear chromatin 
forms pyknotic profiles. This mechanism passes in a wave from the inner to the 
outer retina and is thought to be important in the development of retinal topography 
in several mammalian species (Sengelaub et al., 1986; Wong and Hughes, 1987; 
Beazley et a!., 1988) including humans (Pro vis and van Driel, 1985; Penfold and 
Provis, 1986; Provis, 1987; Provis and Penfold, 1988). Pyknotic profiles are taken up 
by adjacent tissue cells (Penfold and Provis, 1986), although some authors implicate 
mononuclear phagocyte series cells (macrophages) in this process (Hume et al., 
1983; Thanos, 1992). 
In the mammalian retina, the occurrence of the first pyknotic profiles in the 
GCL corresponds with the onset of axon loss in the optic nerve (Dreher and 
Robinson, 1988; Robinson and Dreher, 1990a). In the developing human retina, the 
centro-peripheral gradient of ganglion cell densities is established between 18-30 
WG, also coinciding with the period of cell death (Provis and van Driel, 1985). Cell 
death in the GCL is thought to be a result of ganglion cells that have failed to 
establish sustaining synapses with their axonal targets (for review see Provis and 
Penfold, 1988; Robinson, 1991). However, in addition to ganglion cells, many of the 
pyknotic profiles observed in the developing GCL are dying amacrine cells. Patterns 
of cell death in the GCL suggest that retinal specialisations are formed through 
higher cell death rates in the retinal periphery in many mammals (Sengelaub et al., 
1986; Stone and Rapaport, 1986; Dunlop and Beazley, 1987; Wong and Hughes, 
1987), including humans (Provis, 1987). Contrary to these findings, however, others 
consider that cell death is unlikely to be a primary mechanism in the development of 
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ganglion cell or photoreceptor topography (Dreher et al., 1984; Robinson, 1988; 
Harman et al., 1989; Packer et al., 1990). 
Optic Nerve 
The optic nerve, comprising retinal ganglion cell axons, includes the 
neuroectodermal layers of the optic stalk and the associated mesoderm. In the human 
retina, ganglion cells have been shown to issue an axon before their somata reach the 
GCL (Vrabec, 1983). Ganglion cell axons are thought to reach the optic fissure by 
'channels' formed between MUller cell endfeet (Silver and Robb, 1979). The first 
ganglion cell axons are evident at the posterior retinal pole and progressively appear 
at more peripheral locations (Robinson, 1991). In the human retina, ganglion cell 
axons extend through the marginal zone towards the optic stalk at an early stage of 
development (7 WG) (Hogan et al., 1971). Subsequently, ganglion cell axons appear 
in the central part of the ventral retina (Robinson, 1987). Axons from the peripheral 
ganglion cells curve above and below the central retina in order to reach the optic 
nerve head. The outer layer of the optic stalk gives rise to the lamina cribrosa at 8 
WG, preceding the appearance of the mesenchymal portion of the lamina cribrosa. 
During the eighth to ninth week the optic nerve comprises bundles of fibres divided 
by parallel rows of glia and their processes, decussation occurs in the chiasm and the 
optic tracts begin to develop. In the developing mammalian optic nerve about 54-
74% (at least 70% in humans) of optic axons generated during development of the 
primary visual pathway are lost during foetal life (Provis et al., 1985b; Dreher and 
Robinson, 1988). 
Adnexa 
The conjunctiva and its stroma are of neural crest origin (Beauchamp and 
Knepper, 1984). Both eyelid prominences (mesenchymal condensations) are visible 
early in the second month and blood vessels, macrophages, invading nerve fibres and 
newly deposited collagenous fibrils are seen soon thereafter (Ozanics and Jakobiec, 
1990). Early in the third month of gestation, lid margins contact each other and are 
fused by 10 WG (Ozanics and Jakobiec, 1990). Generally, conjunctival development 
is similar to that described for the human epidermis and by 15 to 16 WG the 
conjunctival epithelium is almost adultlike (Sellheyer and Spitznas, 1988c). 
Extraocular muscles have been reported to arise from in situ differentiation of 
mesenchyme within the orbit (Sevel, 1981). These muscles appear as three separate 
masses of mesoderm at about 4 WG (Ozanics and Jakobiec, 1990). A prechordal 
mass (first head somite) gives rise to the premandibular condensation from which the 
four oculomotor muscles develop (2 days, third cranial nerve). The other two muscle 
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primordia arise in the maxillomandibular mesoderm and give rise to the lateral rectus 
(third head somite, 27 days, sixth cranial nerve) and the superior oblique (second 
head somite, 29 days, fourth cranial nerve). The oculomotor and abducens nerves 
grow from the brain into the mesodermal condensations at about 31 days, and the 
trochlear nerve at 33 days (Ozanics and Jakobiec, 1990). All tendons fuse with the 
sclera anteriorly near the end of the third month and the muscle cone is outlined in 
the posterior pole around the optic nerve at 5 WG (Ozanics and Jakobiec, 1990). 
RETINAL V ASCULARISATION 
The vasculature of the mammalian CNS is the site of the blood-brain barrier 
(BBB) which maintains the unique composition of the neuronal environment. The 
retinal vasculature is a component of the blood-ocular barriers which exist at the 
retinal capillary endothelial cells, the RPE, the ciliary processes and iridial vessel 
endothelium. The external retina receives its blood supply from the choriocapillaris 
of the choroid; the inner retina is supplied by the central retinal blood vessels. 
Human retinal vascularisation originates from the hyaloid artery. Spindle cells 
(primitive mesenchymal cells), originating from the adventitia of the hyaloid artery, 
invade the retina at about 14 WG (Ashton, 1970). The developing central retinal 
artery, a branch of the ophthalmic artery, proliferates into the optic nerve head and 
subsequently invades the nerve fibre layer (NFL) of the retina during early gestation 
(Ashton, 1970; Spira and Hollenberg, 1973). Within the retina, spindle-shaped cells, 
thought to be vascular precursors, migrate across the retinal surface and gradually 
differentiate into endothelial cells which form a polygonal capillary network. Further 
remodelling, retraction, and atrophy of capillaries then gives rise to the mature form 
of retinal vessels (Ashton, 1970). During development, the central retinal artery 
divides into superior and inferior main branches which subsequently branch within 
the retina for distribution to the four quadrants. 
In developing cat (Chan-Ling et al., 1990) and primate (Gariano et al., 1994) 
retinae, vascularisation has been shown to arise via two main processes; 
vascularisation by mesenchymal precursors (vasculogenesis) and vascularisation by 
budding or extension of existing vessels (angiogenesis). Retinal vessels present in 
the NFL and GCL appear to arise by the process of vasculogenesis, while later-
developing vessels in or around the INL arise by angiogenesis (Chan-Ling et al., 
1990; Gariano et al., 1994). Formation of blood vessels from mesenchymal 
precursors extends from the optic disc to the retinal margin, while vascularisation by 
budding commences at the area centralis of the retina rather than the optic disc 
(Chan-Ling et al., 1990). The pattern and timing of retinal vascularisation suggests 
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that formation of the retinal vasculature is driven by an increase in the metabolic 
requirements of the retina related to the onset of retinal function. Conversely, it has 
been proposed that other mechanisms besides spindle cell-mediated vasculogenesis 
are involved in vessel formation in the inner primate retina (Gariano et al., 1994, 
1995). In the developing primate retina it has been demonstrated that vessels grow 
primarily by a budding process (angiogenesis) (Gariano et al., 1995). Furthermore, it 
has been suggested that various factors such as tissue metabolism, oxygen level, 
fibronectin levels (Gariano et al., 1994) and expression of growth factors, such as 
fibroblast growth factor and platelet-derived endothelial cell growth factor (Bensaid 
et al., 1989; Risau, 1991), may be involved in retinal vascularisation. However, the 
precise identity of factors which promote vascularisation are yet to be determined. 
An extracellular matrix glycoprotein, SPARC (Secreted Protein, Acidic and 
Rich in Cysteine )/osteonectin, is thought to regulate certain aspects of angiogenesis, 
functioning as a potent modulator of endothelial cell proliferation, shape and 
migration. In primate retina, SP ARC has been identified in retinal astrocytes and 
MUller cells correlating spatially and temporally with the developing inner retinal 
vasculature (Kaplan et al., 1995). Although SPARC is present in mature retinae, it 
occurs at significantly lower levels than in the primate foetal retina (Kaplan et al., 
1995). Vascular endothelial growth factor (VEGF), also known as vascular 
permeability factor (VPF) has been identified as a key regulatory growth factor for 
endothelial cells and a potent stimulator of microvascular permeability (Breier et al., 
1992; Millauer et al., 1993; Risau, 1994). In the brain, VEGF is synthesised and 
released by the ventricular neuroectoderm and is upregulated by hypoxia. Its 
transient expression correlates with embryonic and tumour angiogenesis (Plate et al., 
1994; Risau, 1994), however, a persistent expression of VEGF has been observed in 
epithelial cells adjacent to fenestrated endothelium. In the human foetus (16-22 
WG), messenger RNA encoding VEGF has been found in most tissues; VEGF 
peptide has been located in epithelial cells and myocytes, including the smooth 
muscle cells lining the vasculature, however, it has not been detected in vascular 
endothelial cells (Shifren et al., 1994). In the retina, VEGF expression is temporally 
and spatially correlated to the developing vasculature, suggesting that VEGF is one 
of the angiogenic factors with a stimulatory effect on the development of retinal 
vessels and which may play an important role in pathologic ocular 
neovascularisation (Murata et al., 1995). Retinal VEGF expression is dramatically 
increased by hypoxia in vitro and in vivo. In situ hybridisation studies have shown 
that in the cat and rat models of retinopathy of prematurity (ROP), both MUller cells 
and astrocytes demonstrate transient expression of VEGF (Stone et al., 1995). As in 
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normal development, expression of VEGF in ROP was found to be maximal in 
retinae peripheral to the forming vessels, suggesting that leading astrocytes detect 
hypoxia during development and upregulate VEGF expression, thus inducing vessel 
formation and acting as a template for capillary formation (Stone et al., 1995). 
In situ hybridisation and immunohistochemical studies have shown that 
VEGF is produced by MUller cells, restricted to the inner nuclear layer, (and to a 
lesser extent by vascular endothelial and ganglion cells) and consistent with 
observations in the brain, is thought to be a likely candidate for a retina-derived 
vascular permeability and angiogenesis factor in vivo (Miller et al., 1994; Pierce et 
al., 1995; Robbins et al., 1995). These results are consistent with a paracrine 
mechanism of action whereby VEGF secreted by nonendothelial cells modulates 
adjacent vascular endothelium activity (Shifren et al., 1994 ). Current evidence is, 
therefore, consistent with a role of VEGF as a multifunctional regulator of 
endothelial cell growth, differentiation and capillary permeability of fenestrated 
endothelium (Breier et al., 1992; Risau, 1994). It is thought that VEGF may bind to 
specific receptors on retinal vascular endothelial cells to promote development and 
maintenance of normal retinal vessels (Robbins et al., 1995). Understanding of the 
mechanisms involved in VEGF expression, particularly inhibition of VEGF, may 
have therapeutic potential in diseases associated with retinal neovascularisation. 
Pericytes, mesenchymal in origin, are long slender, polymorphic cells 
containing myofibres. Pericytes express proteins typical of contractile cells, i.e. 
smooth muscle-specific isoforms of actin and myosin, cyclic GMP-protein kinase 
and tropomyosin (Diaz-Flores et al., 1991 ). One of their many functions is thought 
to be the regulation of vascular permeability (Tilton, 1991). In the developing human 
retina, pericytes have been shown to be associated with the retinal vessels (Penfold 
et al., 1990), but their specific relationship to the vasculature during development 
has not yet been demonstrated. Retinal capillaries have numerous mural pericytes 
extending along the vascular axis outside the endothelium and sharing its same 
basement membrane. Condensations of a loose collagenous matrix against the 
endothelial cell and pericyte complex form a basement membrane for the developing 
vasculature (Penfold et al., 1990). In addition, both macroglia and mononuclear 
phagocyte series cells, including macrophages, are thought to be involved in the 
process of retinal vascularisation (see below). 
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RETINAL GLIA - ORIGINS AND DISTRIBUTIONS 
Macroglia 
Macroglia consist of MUller cells and astrocytes (MUller, 1851). Although 
differences exist in the morphology, topography and ontogeny of these two cell 
types, profound similarities between astrocytes and MUller cells led Hollander et al. 
(1991) to consider both cell types as regional variants of a class of 'macroglial' cells. 
Most of the neurones and macroglial cells in the vertebrate CNS are thought to 
develop from the neuroepithelial cells that form the neural tube. During normal 
development the retinal vasculature is always close to the retinal macroglia; the inner 
vessels to astrocytes and MUller cells and the outer vessels to MUller cells. 
Both astrocytes and MUller cells are rich in intermediate filaments, although 
the protein content of those filaments differs. Glial fibrillary acidic protein (GFAP) 
is the major component of the filaments found in astrocytes (Bignami et al., 1980; 
Bjorklund et al., 1985; Hollander et al., 1991), but much less prominent in Muller 
cells. In the normal mature retina, MUller cells do not express GF AP 
immunoreactivity (Okada et al., 1990; Madigan et al., 1994) and vimentin is the 
primary marker of MUller cell intermediate filaments (Bjorklund et al., 1985; Okada 
etal., 1990; Robinson and Dreher, 1990b). 
a) Muller Cells 
MUller cells have been identified as a distinct glial cell type specific for the 
neural retina (Ramon y Cajal, 1933). In the mammalian retina, MUller cells are radial 
glia, extending transversely across the entire retinal thickness and distributed 
ubiquitously across the retinal surface (Reichenbach and Wohlrab, 1986; Okada et 
al., 1990; Robinson and Dreher, 1990b; Dreher et al., 1992). From their somas in the 
INL, processes extend to the inner and outer surfaces of the retina and MUller cell 
endfeet expand to form the inner and outer limiting membranes of the retina. In 
addition, lateral processes emerge from the trunks of MUller cells in the IPL (Cajal, 
1972; Uga and Smelser, 1973; Reichenbach and Wohlrab, 1986; Robinson and 
Dreher, 1990b; Stone, 1991) and in the ONL and OPL (Robinson and Dreher, 
1990b ). At the thinner retinal periphery, MUller cells show decreased length and 
increased thickness of the trunk and endfeet (Reichenbach and Wohlrab, 1986; 
Robinson and Dreher, 1990b ). The structure of the MUller cell has been reported to 
vary widely as it passes through the layers of the retina (Reichenbach et al., 1989; 
Robinson and Dreher, 1990b; Stone, 1991), and the variations are likely to be 
associated with function. In the rabbit retina, the distribution of MUller cells is 
neurone-like with a peak density evident at the visual streak (Reichenbach and 
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Wohlrab, 1986; Robinson and Dreher, 1990b). In avascular retinae, where astrocytes 
are absent, Mi.iller cells are the sole macroglial component (Stone and Dreher, 1987; 
Schnitzer, 1988a). 
Differentiation of Mi.iller cells commences at an early stage of retinal 
development, when the retinal and pigment epithelial layers of the eyecup become 
closely apposed. Mi.iller cells are generated from the retinal neuroepithelium, 
however, there is contradictory evidence regarding the time course of their 
development. While many authors report morphological evidence of the early 
appearance of Mi.iller cells, experimental data indicates that Mi.iller cells appear late 
in the sequence of retinal cell genesis. Ultrastructural studies show that the inner and 
outer limiting membranes are formed early in development (Mann, 1928; Uga and 
Smelser, 1973; Kuwahara and Weidman, 1974; Bhattacharjee and Sanyal, 1975; 
Weidman, 1975; Vrabec, 1983; Rhodes, 1984; Stone, 1987). In the human retina, 
Mi.iller cells have been identified morphologically by about 12 WG at the site of the 
incipient fovea (Vrabec, 1983; Linberg and Fisher, 1990; van Driel et al., 1990). 
However, 3H-thymidine studies indicate that Mi.iller cells are generated last, during 
the second phase of retinal cell generation (Blanks and Bok, 1977; La Vail et al., 
1991; Rapaport and Vietri, 1991).1t is possible that Mi.iller cells may be generated in 
two waves. Mi.iller cells may be generated at an earlier age than studied by 3H-
thymidine, subsequently undergoing a second phase of division. Conversely, these 
cells may be undergoing slow division throughout retinogenesis and/or subsequently 
re-entering the cell cycle, thereby diluting their 3H-thymidine to undetectable levels. 
A retrovirus-mediated gene transfer study reported that at least some Mi.iller cells of 
the rat retina were generated at a relatively late stage of development (Turner and 
Cepko, 1987). The place of Mi.iller cell generation within the developmental 
sequence is at present uncertain. 
The birth date of Mi.iller cells is important as they are thought to have a role 
in the guidance of retinal neurones from the cytoblast layer to their final positions in 
the inner retinal layers; conclusive evidence for this hypothesis, however, is yet to be 
obtained. Furthermore, Robinson and Dreher (1990b) proposed involvement of 
Mi.iller cells in the developmental induction and organisation of the various 
functional sublaminae within the plexiform layers. 
Like astrocytes, Mi.iller cells contribute to the glial investment of neuronal 
somas, and to the glial investment of the initial segments, node-like specialisations 
and internodal lengths of axons (Hollander et al., 1991 ). Hollander et al. ( 1991) 
suggested that the convergence of macroglial processes on node-like specialisations 
may serve to increase extracellular conductance in the vicinity of nodes. Investment 
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of ganglion cell somas by Miiller cells may serve as insulation, decreasing the 
extracellular conductance around them and channel current between dendrites and 
axons (Hollander et al., 1991). Furthermore, Miiller cells appear to be involved in 
neurotransmission. Current evidence suggests an important role for Miiller cells in 
the degradation and recycling of neurotransmitters discharged from axon terminals 
(Neal and Iversen, 1972; Ehinger, 1977; Riepe and Norenberg, 1977; Casper et al., 
1982; Sarthy, 1983; Ripps and Witkovsky, 1985) and an important role in a number 
of metabolic pathways. In a variety of mammalian retinae, including that of the 
human, glycogen synthesis, glycogenolysis and anaerobic glycolysis occur in retinal 
Miiller cells (Kuwahara and Weidman, 1974). In addition, Miiller cells actively 
pump potassium from the extracellular space of the retina into the vitreous and/or 
retinal vasculature, and therefore, serve as an ionic buffer essential for normal retinal 
function (Newman, 1987). Pow and Robinson (1994) reported that some retinal 
glutamatergic neurones are dependent on the synthetic processes in glia for their 
neurotransmitter content. In this report, neurones were shown to rely upon an 
exogenous source of glutamine for their glutamate content. In addition, Miiller cells 
were shown to contain abundant quantities of glutamine and many of the necessary 
enzymes for glutamate synthesis, thus suggesting that Miiller cells have a vital role 
in the provision of substrates for the synthesis of retinal neurotransmitters (Pow and 
Robinson, 1994 ). 
b) Astrocytes 
While it has been suggested previously that astrocytes are generated by 
transformation of Miiller cells (Reichenbach and Wohlrab, 1986), current evidence 
suggests that astrocytes are generated outside the retina and invade the retina via the 
optic disc (Ling and Stone, 1988; Watanabe and Raff, 1988; Ling et al., 1989; 
Huxlin et al., 1992). In rats and cats, astrocyte precursors follow the route of the 
invading spindle cells of the retinal vasculature and the topography of astrocyte 
migration into the retina during development corresponds precisely to that of the 
vascular precursor cells (Chan-Ling and Stone, 1991a). Ling and Stone ( 1988) 
indicated that the spread of astrocytes precedes the formation of patent capillaries by 
a distinct margin and that spindle cells provide the stimulus for astrocyte migration 
into the retina. It appears that astrocyte migration depends on a component of the 
basal lamina secreted by the earlier-invading vascular precursor cells (Chan-Ling et 
al., 1990). Furthermore, Jiang and Caldwell, ( 1992) showed that vascular precursor 
cells lay down fibronectin which then serves as a tracking signal for initial astrocyte 
migration and subsequent vascularisation. Astrocytes extend across the retinal 
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surface slowly, reaching the retinal edge at approximately the same time as the 
vasculature (Kondo et al., 1984; Ling and Stone, 1988; Watanabe and Raff, 1988; 
Ling et al., 1989). These glial cells are confined to the inner surface of the retina and 
do not invade retinal regions in which vascular precursor cells are not present, 
including the fovea or area centralis and deep retinal layers. Although current 
evidence suggests that astrocytes are derived from the neuroectoderm of the optic 
stalk, a minority view has proposed that they may have a mesodermal origin 
(Robinson, 1991 ). 
In the mature retina, astrocytes are present (i) in most regions of fully 
vascularised retinae (ie. rat, cat, human), (ii) are restricted to vascularised areas of 
partially vascularised retinae (rabbit) and (iii) are absent from avascular retinae 
(Stone and Dreher, 1987; Schnitzer, 1988a). In addition, astrocytes are restricted to 
the inner retinal layers in association with the retinal vessels and nerve fibre bundles 
(Biissow, 1980; Stone and Dreher, 1987; Schnitzer, 1988b; Robinson and Dreher, 
1989; Ramirez et al., 1994 ). In the human eye, nuclei and processes of astrocytes are 
distributed in two layers, one in the GCL and the other in the NFL (Ramirez et al., 
1994) where they partly wrap ganglion cell axons and blood vessels (Wolter, 1959). 
Astrocytes in each layer display their own characteristic morphology. The 
morphology of astrocytes is determined by the adaptation of their cell processes to 
the surrounding structures (Chan-Ling and Stone, 1991 b; HolHinder et al., 1991; 
Distler et al., 1993). In the NFL, astrocytes are found between axon bundles and 
peripapillary capillaries, and are elongated; in the GCL astrocytes interconnect the 
vasculature with this layer and have a star-shaped appearance (Ramirez et al., 1994 ). 
Astrocytes are not found in retinal regions with high densities of neurones, in 
particular the fovea (Ikui et al., 1976; Schnitzer, 1988b; Distler et al., 1993) and area 
centralis (Stone and Dreher, 1987; Ling and Stone, 1988; Chan-Ling and Stone, 
1991a), although astrocytes have been identified in the parafoveal region and in the 
foveal centre of the developing macaque monkey retina (Distler and Kirby, 1995). 
This is also consistent with the avascular nature of these specialised regions. Human 
retinal astrocytes are found throughout the entire retina except for a rim adjacent to 
the ora serrata and an area (0.4 mm diameter) centred on the fovea (Ramirez et al., 
1994). 
Numerous and diverse functions have been attributed to astrocytes. Close 
association between astrocytes and the vasculature has led to the suggestion that 
these glia may play a role in (i) exchange of metabolites and nutrients between 
vessels and neurones (Schnitzer, 1988a), (ii) vasodilation in response to increased 
neuronal activity (for review see Chan-Ling, 1994) and (iii) the induction and 
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maintenance of the blood-retinal barrier (see below). In addition, the role of 
astrocytes in potassium buffering (Kuffler and Nicholls, 1976) has been described, 
and it has also been suggested that they may play a role in neuronal signalling 
(Cornell-Bell and Finkbeiner, 1991). Other possible functions for astrocytes include 
modulation of endothelial cell growth (Jiang et al., 1993) and prevention of 
oligodendrocyte migration and therefore, prevention of myelination of intraretinal 
axons (for review see Chan-Ling, 1994). Furthermore, astrocytes may be involved in 
early postnatal development and plasticity of the CNS (Hatten et al., 1990; MUller, 
1992) as well as having a supportive and structural role (Ikui et al., 1976; Chan-Ling 
and Stone, 1991 b; Distler et al., 1991). Complex interactions are therefore evident 
between astrocytes, neuronal elements and the vasculature and a more complete 
understanding of these processes will have important implications for the 
understanding of the normal and pathological retina. 
c) Macroglia and the Blood-Retinal Barrier (BRB) 
Evidence suggests that factors within the microenvironment of the cerebral 
vasculature cause endothelial cells to adopt properties of the BBB, although the 
nature of these factors is unknown. One likely source of barrier-inducing properties 
is the distinctive glia present in the CNS. The functional role of astrocytes in the 
induction of BBB properties in endothelial cells has been well documented (Janzer 
and Raff, 1987; Stewart and Hayakawa, 1987; Tao-Cheng et al., 1987; Tout et al., 
1993). The work of Janzer and Raff (1987) indicated that transplants of rat astrocytes 
induce the formation of barrier properties in vessels originating from the chick 
chorioallantoic membrane and recent evidence indicates that MUller cells also induce 
the formation of barrier properties in the endothelia of vessels they contact (Tout et 
al., 1993). In contrast, however, MUller cells cultured from avascular guinea pig 
retina were shown not to induce barrier functions in ciliary blood vessels (Small et 
al., 1993). 
Recent immunocytochemical and ultrastructural studies have suggested that 
both astrocytes and MUller cells contribute to the BRB. A close association of 
astrocytes with the developing vasculature has been shown in the rat and cat (Ling 
and Stone, 1988; Ling et al., 1989) and in the human retina (Penfold et al., 1990). 
While both astrocytes and MUller cells of the cat retina contribute to the glia limitans 
of the inner retinal vasculature, MUller cells alone form the glia limitans of vessels 
of the outer retinal vasculature in the cat (Hollander et al., 1991) and rat retina 
(Kondo et al., 1984 ). During normal human retinal vascularisation, astrocytic 
processes have been described in association with both well differentiated and 
immature vessels (Penfold et al., 1990). The proximity of astrocytes to the 
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developing vasculature at the time of formation of the vascular lumen and the 
contributions of both astrocytes and Muller cells to the glia limitans suggests that 
both astrocytes and Muller cells may be involved in the induction of barrier 
properties in endothelial cells during development (Bellhorn, 1980; Chan-Ling et al., 
1990). 
The precise role of astrocytes in maintaining barrier function is unclear. A 
recent study indicated that in conditions of retinal astrocyte degeneration, the barrier 
properties of retinal vessels fail to become established (Chan-Ling and Stone, 1992). 
Consistent with this, it was demonstrated that exposure of cultured human 
endothelial cells to supernatants obtained from cultured human astrocytes 
consistently induced barrier function (as indicated by increased resistivity, Khannah 
et al., 1994). However, these findings are contrary to the observation that destruction 
of astrocytes in the neonatal rat brain does not significantly affect barrier status 
(Krum and Rosenstein, 1993). Coupled with observations that microglia also 
participate in the structure of the glia limitans (Lassmann et al. , 1991; Penfold et al., 
1994; Provis et al., 1995b ), these findings suggest that cells other than astrocytes 
may be involved in the induction of barrier function. 
Transient expression of C-CAM in the developing rat CNS has been 
described at the sites of contact between endothelial cells and pericytes, and 
subsequently between pericytes and astrocytes, coinciding precisely with the 
development of the BBB (Sawa et al., 1994 ). These results suggest that C-CAM may 
be involved in binding interactions between these cell types during development, 
thus contributing to the formation of the BBB. In human foetal brain, it has been 
shown that close proximity between astrocytes and endothelial cells is necessary for 
the induction of certain EBB-specific markers in vitro (Hurwitz et al., 1993). 
However, Holash and Stewart (1993) reported that expression of some BBB/BRB 
features does not require intimate contact between capillaries and astrocytes, barrier 
maintenance being a complex process which involves the integration of several 
factors (Holash and Stewart, 1993). Therefore, the current evidence concerning the 
role of macroglial cells in the induction of BRB properties is in some respects 
paradoxical and further investigations are necessary before the definition of control 
pathways is achieved. 
Microglia 
In addition to the macroglia, the mammalian retina also contains a third class 
of glial cell, the microglia. In the late 19th century, Franz Nissl reported a population 
of glial cells named 'SHibchenzellen (rod cells)'. These cells were described as 
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possessing migratory and phagocytic abilities in addition to proliferative potential 
(Nissl, 1899). Strikingly, Nissl considered these glial cells to have a role 'which is 
approximately the same as the one leucocytes have in other tissues', thus 
anticipating the current view that microglia are representatives of the immune system 
within the CNS. Cajal (1913) first described the 'third element of the CNS' as 
comprising a group of brain cells which were neither neurones nor astrocytes. 
Oligodendroglia and microglia were subsequently reported to be the two types of 
cells composing the 'third element' (del Rio-Hortega, 1919). Del Rio-Hortega 
(1919) first recognised these cells as a parenchymal entity, using the term 
'microglia' to reflect the small size of these cells in relation to macroglia. The first 
descriptions of microglia in the retina, optic nerve and optic tract of human, monkey, 
rabbit and pig followed shortly thereafter (Lopez Enriquez, 1926). 
a) Labelling Methods 
Cajal (1913) failed to stain microglial cells either by his gold sublimate 
method or by the Golgi technique, however, a new method of tissue impregnation 
using silver carbonate appeared within a few years (del Rio-Hortega, 1919). Using 
the silver carbonate method, del Rio Hortega ( 1919) succeeded in staining 
cytoplasmic processes, thereby detecting minute details of cellular structure. The 
silver-carbonate method and related silver impregnation methods remained dominant 
in studies of microglia over the next 50 years (Lopez Enriquez, 1926; Marchesani, 
1926; Penfield, 1928; Russell, 1929; Wells, 1930; Weil and Davenport, 1933; 
Kershman, 1939; Dougherty, 1944; Penfield and Cone, 1950; Wolman, 1958; 
Gallyas, 1963; Naoumenko and Feigin, 1963; Mori and Leblond, 1969; Vrabec, 
1970; Scott, 1971; Ling, 1976b; Kitamura et al., 1977; Murabe and Sano, 1981a; 
Kohno et al., 1982). 
In addition to the silver-carbonate method, however, histochemical methods 
(Oehmichen, 1982; Terubayashi et al., 1984; Schnitzer, 1989) and the lectins Ricinus 
communis (Debbage et al., 1981; Mannoji et al., 1986; Suzuki et al., 1988; Boya et 
al., 1991a, 1991b) and Griffonia simplicifolia (Schelper et al., 1985; Streit and 
Kreutzberg, 1987; Ashwell, 1989; Ashwell et al., 1989; Kaur et al., 1990; Streit, 
1990; Boya et al., 1991a, 1991b; Kaur and Ling, 1991) have been used as markers of 
microglia in several species. Nucleotidases such as adenosine triphosphatase (A TP), 
adenosine diphosphatase (ADP), inosine diphosphatase (IDP), nucleoside 
diphosphatase (NDP), thiamine pyrophosphatase (TPP) and acid phosphatase (AcP), 
previously used as markers of dendritic cells in the skin (Wolff and Winkelmann, 
1967; Chaker et al., 1984), have recently been used as markers of brain and retinal 
microglia (Ibrahim et al., 1974; Murabe and Sano, 1981b; Murabe and Sano, 1982; 
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Sanyal and De Ruiter, 1985~ Fujimoto et al., 1987~ Kaur et al., 1987~ Castellano et 
al., 1991a). Lectins label some vascular structures, neuronal sub-structures and 
peripheral structures such as arachnoid and choroid plexus, while being specific for 
microglia within brain parenchyma as they do not label astrocytes, oligodendrocytes 
or neurons (Thomas, 1992). Furthermore, the lectins appear to label all microglial 
types as well as most macrophages. 
More recently, there have been a series of immunohistochemical studies 
examining microglia in the CNS, brain (Fujita et al., 1981; Murabe and Sano, 1983; 
Perry et al., 1985; Perry and Gordon, 1987; Graeber et al., 1989; Imamura et al., 
1990; Lawson et al., 1990; Ling et al., 1990; Castellano et al., 1991b; Dowding et 
al., 1991; Gehrmann and Kreutzberg, 1991; Lassmann et al., 1991; Ling et al., 1991; 
Milligan et al., 1991; Cuadros et al., 1992; Flaris et al., 1993) and retina (Hume et 
al., 1983; Navascues et al., 1995) of many species. The CD (clusters of 
differentiation) nomenclature refers to human leucocyte antigens, providing 
improved definition of antibody specificity, and greatly facilitating the study of 
leucocyte antigen expression in human tissue. 
Immunohistochemical techniques have been used for detection of microglia 
in the human brain and CNS (Oehmichen et al., 1979; Esiri and McGee, 1986; 
Hayes et al., 1988; Miles and Chou, 1988; Dickson and Mattiace, 1989; Grenier et 
al., 1989; Hutchins et al., 1990b; Mattiace et al., 1990; Dickson et al., 1991; Esiri et 
al., 1991; Graeber et al., 1992; Lee et al., 1992; Gehrmann et al., 1993; Ulvestad et 
al., 1994). More recently, monoclonal antibodies to human leucocyte antigens have 
been used to characterise microglia in flatmounts of normal (Penfold et al., 1991, 
1993; Provis et al., 1995b) and diseased (Liew et al., 1994) human adult retina. 
Many microglial cell markers are common to other cells of the mononuclear 
phacocyte system, including immunoglobulin Fe receptor, complement receptor 3, 
some leucocyte integrin molecules and macrophage-derived cytokines (for review 
see Dickson et al., 1991). In the rat brain, microglia express the macrophage markers 
F4/80 (Perry and Gordon, 1988) as well as ED2 and OX-42 (Hayes et al., 1988). In 
addition, microglia are labelled with antibodies recognising surface antigens 
common to cells derived from the bone marrow, leucocyte common antigen (LCA or 
CD45) (Akiyama et al., 1988; ltagaki et al., 1988; Mattiace et al., 1990; Penfold et 
al., 1991). Antigens common to macrophages are also used as markers of microglia, 
including HAM-56 (Chou and Miles, 1989) and EBM-11 (CD68) (Esiri and McGee, 
1986). In the rat CNS, microglia label specifically with monoclonal antibody OX-18 
for the detection of major histocompatibility complex (MHC) MHC class I (Ling et 
al., 1990; Finsen et al., 1993) and a proportion of microglia also label specifically 
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with anti-OX-6 for the detection of MHC class II (Sedgwick et al., 1993). In the 
human brain, at least some microglia have been reported to express the B-
lymphocyte marker, CDw75 (LN-1) (Miles and Chou, 1988; Dickson and Mattiace, 
1989), both CD4 and CD 1 antigens (Lowe et al., 1989), certain macrophage antigens 
(Esiri and McGee, 1986) and MHC class I (Graeber et al., 1992) and MHC class II 
(Luber-Narod and Rogers, 1988). In the normal human adult retina, microglia have 
been labelled using antibodies directed against CD45, CD68, MHC class I, MHC 
class II and macrophage (S22) antigens (Penfold et al., 1991; Provis et al., 1995b ). 
b) Morphology 
Microglia comprise between 5 and 20% of the total glial cell population. 
They are ubiquitous throughout the CNS, although their general morphology and 
arrangement varies within each environment (del Rio-Hortega, 1932; Lawson et al., 
1990). In 1926, microglial elements were reported to be present in the rabbit optic 
nerve (Marchesani, 1926) and the first and most complete description of retinal 
microglia was published (Lopez Enriquez, 1926). Subsequently, the presence of 
microglia in normal mammalian retinae was reported by various laboratories 
(Marchesani, 1926; Dubois, 1934; Polyak, 1941; Vrabec, 1968; Gallego, 1976; 
Boycott and Hopkins, 1981). 
In normal neural tissues (spinal cord, cerebellum, cerebrum and retina) 
microglia have generally been referred to as 'resting', 'perivascular', 'amoeboid' and 
'reactive' (for review see Ling, 1981a). Resting microglia appear as small, evenly 
distributed, ramified cells within the neuropil, branching several times in all planes. 
Perivascular cells, apparently related to the microglia but separated from the CNS 
parenchyma by a basement membrane, make close relationships with the vasculature 
(Streit and Graeber, 1991). Hickey and Kimura (1988) have shown that perivascular 
cells are derived from monocytes and that they present antigen in vivo. Amoeboid 
microglia appear rounded with short processes and are thought by some to be the 
precursors of the resting form (Kershman, 1939; Imamoto and Leblond, 1978; 
Hutchins et al., 1990b). The 'reactive' microglia observed in the CNS in response to 
pathology are thought to be derived from resting forms, although strong supporting 
evidence is lacking. Reactive microglia are characterised by an oval to rod-shaped 
morphology lacking ramified processes. The current view is that amoeboid, ramified 
and reactive microglia are different forms of a single cell type. The amoeboid form is 
thought to be an active macrophage during development and the precursor of normal 
ramified microglia; ramified cells can in tum reactivate in adult tissue by becoming 
reactive microglia. In situ studies have demonstrated the transformation of ramified 
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microglia into amoeboid and reactive cell forms (Henry et al., 1991; Suzumura et 
al., 1991 ). The apparent plasticity of microglia suggests that different morphological 
forms correlate with different functional states. 
Ultrastructurally, resting microglia have an elongated to oval nucleus (Mori 
and Leblond, 1969; Cammermeyer, 1970; Griffin et al., 1972; Peters et al., 1976; 
Kitamura et al., 1977; Ling, 1981a) containing dark chromatin clumped at the 
periphery (Mori and Leblond, 1969; Boya, 1975; Gallego, 1986). The cytoplasm is 
sparse and cytoplasmic organelles include few strands of endoplasmic reticulum and 
mitochondria and an under-developed Golgi complex. In addition, a specific 
histologic feature is the presence of lysosomes, dense cytosomes and lipofuscin-like 
material in cell body and cell process expansions (Mori and Leblond, 1969; Peters et 
al., 1976). Perivascular cells are generally poor in organelles and lysosomes with 
few processes; rare observations of perivascular cells oriented through the basment 
membrane suggest that these cells may pass into the CNS parenchyma (Mori and 
Leblond, 1969). Amoeboid microglial cells are characterised by a round, prominent 
nucleus with peripheral chromatin clumps; the cytoplasm has a well-developed 
Golgi complex and abundant lysosome-like granules (Ling, 1976a). In addition, 
amoeboid microglia display pseudopodium-like processes on their surface and 
occasional phagosomes (Ling, 1976a). Although the ultrastructure of microglia has 
been reported in the CNS of various animal species, detailed descriptions of human 
retinal microglia at the electron microscopic level are not presently available. 
c) Retinal Distribution and Relationship to the Vasculature 
In the mammalian retina, ramified microglia form a regular array throughout 
the thickness of the retina (Ashwell et al ., 1989; Schnitzer, 1989; Penfold et al., 
1991 ). Many animal studies have reported the presence of retinal microglia at the 
NFLIGCL and IPL (Lopez Enriquez, 1926; Vrabec, 1970; Boycott and Hopkins, 
1981; Ling, 1982; Hume et al., 1983; Terubayashi et al., 1984; Sanyal and De 
Ruiter, 1985; Schnitzer, 1985, 1988b, 1989; Linden et al., 1986; Boya et al., 1987a; 
Ashwell, 1989; Ashwell et al., 1989), while some reports have also detected 
microglia in the OPL (Vrabec, 1970; Boycott and Hopkins, 1981; Hume et al., 1983; 
Sanyal and De Ruiter, 1985; Boya et al., 1987a; Schnitzer, 1989). In the mature 
human retina, microglia are present in the inner vascularised part of the retina in the 
NFLIGCL, the IPL and the INL, however, no microglia are seen deep in the OPL 
(Lopez Enriquez, 1926; Provis et al ., 1995b ). In the mature human retina microglia 
extend only as deep as the INLIOPL border and are not found in avascular regions of 
the retina (Provis et al ., 1995b ). 
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While microglia appear to be scattered ubiquitously in some regions of the 
CNS, other regions show clear associations with neurones and vessels (del Rio-
Hortega, 1932). The ultrastructural relationship between microglia and blood vessels 
has been studied in the rat brain (Lassmann et al., 1991; Streit and Graeber, 1991) 
and in the human retina (Provis et al., 1995b) using immunohistochemistry. Recent 
reports have also suggested that microglia contribute to the glia limitans (Lassmann 
et al., 1991; Penfold et al., 1994; Provis et al., 1995b). Previous descriptions of 
vessel-associated microglia in the rat brain suggest two subtypes, both distinct from 
pericytes. One, the 'perivascular macrophage', is separated from the CNS 
parenchyma by the glia limitans. The second, the 'perivascular microglia', lies 
outside the glia limitans within the CNS parenchyma (Streit and Graeber, 1991). 
Similar findings to those of the rat brain have been described for the human 
retina (Penfold et al., 1994; Provis et al., 1995b) where it has been noted that cells 
localised within the perivascular space are most appropriately referred to as 
'perivascular cells' (Graeber and Streit, 1990b; Graeber et al., 1992; Graeber, 1993; 
Provis et al., 1995b ). In the normal rat CNS, perivascular cells express MHC class II 
(Graeber and Streit, 1990a; Graeber, 1993) and macrophage markers (Graeber et al., 
1989; Honda et al., 1990; Graeber, 1993), however, in the human retina relatively 
few perivascular cells are immunoreactive for the human macrophage (S22) antigen 
(Provis et al., 1995b ). Vessel-associated cells localised outside the perivascular 
space (within the glia limitans), have been previously referred to as 'perivascular 
microglia' (Graeber and Streit, 1990b) or 'juxtavascular microglia' (Graeber, 1993). 
In the mature human retina they have most recently been referred to as the 
'paravascular microglia' to emphasise their distinctive relationship to the 
vasculature (Provis et al., 1995b). In humans these microglia lie entirely within the 
parenchyma and their cell bodies lie alongside or parallel to the vasculature (Provis 
et al., 1995b ). Para vascular microglia characteristically express macrophage (S22) 
antigen and more intense MHC class I and MHC class II immunoreactivity relative 
to non-vessel-associated parenchymal microglia. Paravascular microglia appear to be 
a distinct subset of the CNS 'parenchymal (ramified) microglia' which contribute to 
the structure of the glia limitans (Lassmann et al., 1991; Gehrmann and Kreutzberg, 
1993; Provis et al., 1995b). 
d) Origin 
Since the early recognition ef microglia, the most highly debated issue has 
been that of their cellular origin. Although a minority of studies have proposed the 
derivation of microglia from pericytes (Mori and Leblond, 1969; Baron and Gallego, 
,·'9:J'' 
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1972; Brichova, 1972; Sturrock, 1974; Blakemore, 1975; Lafarga and Palacios, 
1975; Boya, 1976), the pericytal origin of microglial cells has been strongly rejected 
by others (Vaughn and Pease, 1970; Stensaas, 1975; Dodson et al., 1976; Fujita and 
Kitamura, 1976). Rather, two principal hypotheses have dominated the literature; 
suggesting a pial/neuroectodermal (local) or monocytic (external) origin for 
microglia. 
Del Rio Hortega ( 1919) considered microglia to be derived from mesodermal 
pial (meningeal) tissue. Although this early study indicated that microglia are formed 
through the 'migration of embryonic corpuscles from the pia into the nerve centres', 
it was also suggested that microglia may originate 'from other related elements, 
chiefly the blood mononuclears' (del Rio-Hortega, 1932). Del Rio Hortega (1932) 
described the migration of microglioblasts from the pia into the nervous tissue and 
the subsequent change in shape from globose to amoeboid with pseudopodia and 
branched processes. The mesodermal pial theory of microglial origin was widely 
accepted in many publications (Penfield, 1932; Kershman, 1939; Dougherty, 1944; 
Cammermeyer, 1970; Carr, 1973; Boya et al., 1979, 1991a; Mannoji et al., 1986; 
Streit and Kreutzberg, 1987). 
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Figure 1.4. The original concept of microglial nature and origin 
(del Rio-Hortega, 1919, 1932) 
Other studies of microglia in the brain and optic nerve reported their 
derivation from the neuroectoderm, similar to neurones and other glia of the CNS 
(Pruijus, 1927; Rydberg, 1932; Field, 1955; Lewis, 1968; Vaughn and Peters, 1968; 
Skoff and Vaughn, 1971; Fujita and Kitamura, 1975, 1976; Fujita et al., 1981; 
Kitamura et al., 1984; Matsumoto and Fujiwara, 1987; Hutchins et al., 1990b; Hao 
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et al., 1991). Rydberg (1932) was unable to confirm the results of del Rio Hortega, 
rather his results indicated that microglia developed from amoeboid microglia which 
arose from neuroectodermal cells near the lateral ventricle. This hypothesis was later 
disputed as it was suggested that the amoeboid microglia present in the 
subependyma may be derived from local blood vessels (lmamoto and Leblond, 
1978; Ling, 198la). Other workers believed that microglia were derived directly 
from immature subependymal cells without passing through the amoeboid microglial 
stage (Cammermeyer, 1965; Blakemore, 1969). Studies of gliogenesis in the foetal 
optic nerve and the optic nerve in Wallerian degeneration, have also favoured the 
view that neuroectodermal matrix cells gave rise to microglia (Vaughn and Peters, 
1968; Skoff and Vaughn, 1971 ). Furthermore, microglia have been reported to be a 
distinct cell type with a distinct origin, clearly distinguishable from amoeboid 
microglia and macrophages which are derived from monocytes (Tsuchihashi et al., 
1977; Fujita et al., 1978; Oehmichen, 1978, 1980; Oehmichen et al., 1979; Wood et 
al., 1979). Supporting these views, autoradiographic analyses of mouse 
hippocampus (Kitamura et al., 1984) and spinal cord (Schelper and Adrian Jr., 1986) 
have reaffirmed earlier studies by describing the development of microglia from 
glioblasts of neuroectodermal origin. Immunohistochemical (de Groot eta/., 1992) 
and in vitro (Richardson et al., 1993) studies have also reported neuroectodermal 
origins of microglia. Ling ( 1981 a) contended that studies reporting the 
neuroectodermal origin of microglia may have been a result of the dubious 
specificity of the silver carbonate staining technique used by the various workers. 
Currently, the most favoured evidence suggests that microglia are indeed 
derived from bone marrow precursor cells that populate the CNS during embryonic 
development and differentiate into ramified microglia through a series of 
morphologic transitions. Controversy regarding microglial origin is centered around 
the functional role of microglial cells as resident macrophages. Santha (1933) first 
demonstrated that the appearance of microglia was related to vascularisation of the 
brain, the microglia originating from monocytes of the circulating blood. Subsequent 
in vitro studies further demonstrated the transformation of monocytes from chicken 
and human blood into cells that were indistinguishable from microglia (Dunning and 
Furth, 1935). While some studies have shown microglial reactivity to some 
monocyte-specific antibodies (Valentino and Jones, 1981; Hume et al., 1983; 
Murabe and Sano, 1983; Perry et al., 1985), others have failed to show specific 
antibody homology between microglia and monocytes (Oehmichen et al., 1979; 
Woodetal., 1979; Tsuchihashi etal., 1981). 
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Imamoto and Leblond ( 1978) examined the ultrastructure of amoeboid 
microglia, proposing for the first time that amoeboid microglia were derived from 
immigrant blood monocytes, some of which become macrophages. Several studies 
followed with evidence confirming that circulating blood monocytes form a source 
of microglia in the corpus callosum of rats (Ling, 1979, 1981 a; Ling et al., 1980). 
Microglia immunoreactive for macrophage antigens have been reported to be present 
in the developing mammalian CNS, adopting morphologies of ramified microglia 
during development (Perry et a!., 1985). Similarly, it has been reported that 
monocytic blood cells migrate into the brain tissue from several sites during 
embryogenesis, possibly continuing to enter from blood vessels in the adult (Jordan 
and Thomas, 1988). However, these findings should be considered in the context of 
the proposal that only amoeboid microglia, and not resting microglia, are derived 
from monocytes (Tsuchihashi et al., 1977; Fujita et al., 1978; Oehmichen, 1978, 
1980; Oehmichen et al., 1979; Wood et al., 1979). 
Although the majority of microglial studies have indicated an origin for 
microglia from monocytic cells of the blood in the mammalian (Santha and Juba, 
1933; Russel, 1962; Konigsmark and Sidman, 1963; Matthews, 1974; Stensaas, 
1975; Imamoto and Leblond, 1978; Ferrer and Sarmiento, 1980a, 1980b; Ling et al., 
1980; Imamoto, 1981; Ling, 1981a; Murabe et al., 1981, 1982; Murabe and Sano, 
1983; Miyake et al., 1984; Perry et al., 1985; Perry and Gordon, 1988; Imamura et 
al., 1990; Chugani et al., 1991; Ling and Wong, 1993) and avian (Navascues et al., 
1995) CNS, this is still uncertain. Several studies have concluded that monocytes do 
not transform into microglia after CNS lesions (Kreutzberg, 1966; Matsumoto and 
Fujiwara, 1987; Graeber et al., 1988b; Lassmann et al., 1993), supporting the idea 
that monocytes become macrophages, not microglia (Schelper and Adrian Jr., 1986). 
Despite this, most developmental studies of mammalian retina express support for 
the concept of a monocytic origin of microglia (Hume et al., 1983; Sanyal and De 
Ruiter, 1985; Linden et al., 1986; Boya et al., 1987a; Ashwell, 1989; Ashwell et al., 
1989). However, each of those retinal studies reports the migration of mononuclear 
cells, which develop into microglia in the retina, well in advance of the developing 
retinal vasculature. These studies, therefore, indicate that the transition from 
mononuclear phagocyte to amoeboid then ramified microglia, if indeed correct, is 
both temporally and spatially a protracted series of events (Hume et al., 1983; 
Sanyal and De Ruiter, 1985; Boya et al., 1987a, 1991a; Perry and Gordon, 1988; 
Ashwell, 1989). 
In support of the leucocyte lineage of microglia, rat bone marrow chimeras 
have demonstrated that CNS microglia are bone marrow-derived (Hickey and 
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Kimura, 1988). In addition, leucocytes have been detected in the developing human 
brain as early as 8 WG, and their ultrastructural similarities with microglia suggest 
that microglia may be derived from leucocytes (Choi, 1981). Recent studies of 
embryonic and mature mouse brain indicated that cells in the parenchyma, capable 
of active proliferation in vitro in response to mitogenic stimulation, were not of 
monocytic or meningeal origin. Rather, this in vitro study suggested that microglia 
may be derived from early haemopoietic related cells which have not yet 
differentiated into monocytes (Alliot et al., 1991). In support of this, there is 
considerable evidence suggesting that microglia are a separate class of mononuclear 
phagocytic series cell (Giulian and Baker, 1986; Boya et al., 1987a). In particular, it 
has been demonstrated that subpopulations of bone marrow-derived cells in the rat 
brain, comprising microglia and macrophages, can be distinguished by differences in 
their ion channel patterns (Banati et al., 1991 ). This study confirms the existence of 
distinct populations of bone marrow cells which may reflect two different cellular 
lineages (Banati et al., 1991). 
The varying theories of microglial origin discussed here most likely reflect 
the different experimental techniques and different animal species employed for 
developmental studies. In addition, varying interpretations may be a result of 
different age groups of anim~ls being used in these investigations. As recently noted, 
the functional plasticity of microglial cells may indicate that they are of multiple 
origin (Theele and Streit, 1993). Although, current evidence implies a 
haematogenous origin for microglia, a conclusive resolution of the details of these 
origins is yet to be determined. 
e) Microglia and the Mononuclear Phagocyte System 
The mononuclear phagocytic series (MPS) consists of cells that originate in 
the bone marrow and travel via the bloodstream to their location in body tissues 
(Lasser, 1983). Normal components of the MPS are monoblasts, promonocytes and 
moncytes in the bone marrow, monocytes in the peripheral blood and macrophages 
in tissues. Macrophages are thus of haematopoietic origin and following their 
generation in the bone marrow, they enter the circulation as monocytes, and then 
migrate into almost all tissues (Perry and Gordon, 1991 ). Subsequent studies have 
confirmed the transformation of monocytes into tissue macrophages (Lewis, 1925; 
Ebert and Florey, 1939; Leder, 1967; Van Furth, 1970) and it has been reported that 
once monocytes leave the circulation, they do not return (Meuret et al., 1974). 
Macrophages, also known as phagocytes or histiocytes, are 20-80 ~m in size 
with a large vesicular nucleus and well-developed cytoplasmic organelles. These 
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cells are markedly rich in lysosomes and mitochondria and characteristically motile 
with very marked phagocytic capabilities (Lasser, 1983). Macrophages have both Fe 
and complement C3 receptors and, consistent with their haematopoietic origin, 
express CD45 (LCA) antigen. Several antibodies have been produced against several 
membrane glycoproteins (MAC-1, MAC-2 and MAC-3) possessing some selectivity 
for macrophages. 
Although macrophages show little evidence of mitotic activity, some may 
proliferate under certain stimulating conditions (Lasser, 1983). Mature macrophages 
are highly sensitive to their environment, displaying differences in their morphology 
and functions in different tissues. Activation of macrophages, occuring in response 
to challenge by microorganisms and in inflammation, is accompanied by changes in 
cell morphology, biochemistry and function (reviewed in Lasser, 1983; Sunderkotter 
et al., 1994; Gordon et al., 1995). 
Numerous immunologic and non-immunologic functions have been 
attributed to macrophages. Secretory and phagocytic properties of macrophages and 
their regulatory effect on the immune response indicate a primary role for these cells 
in the body's defense mechanisms against foreign material and microorganisms. 
Macrophages are an important component of the host response to all foreign 
antigens; both macrophages and lymphoid dendritic cells are involved in the 
initiation of immune responses, interaction with lymphocytes and are important 
phagocytic and cytotoxic effector cells involved in cell-mediated and humoral 
immunity (Perry and Gordon, 1991). It has also been suggested that macrophages 
may function as inhibitors of the immune response, particularly at sites of 'immune 
privilege' such as the brain and eye (Phipps et al., 1989). In skin, gut and lung, 
macrophages can suppress the antigen presenting functions of resident dendritic cells 
(Holt et al., 1985; Fireman et al., 1988; Pavli et al., 1993). This role may serve to 
protect the CNS from damage in immune responses. Macrophages also appear to be 
involved in the removal of damaged or senescent cells, the control of 
haematopoiesis, as well as a role in atherogenesis, blood coagulation, tissue 
remodeling and wound healing (Lasser, 1983). In the developing human retina, 
ultrastructural and histochemical analyses reveal an association between 
macrophages and the developing vasculature, indicating that macrophages may 
influence angiogenesis in normal retinal development (Penfold et al., 1990). 
Similarly, it has been reported that activated macrophages secrete a substance during 
development that stimulates angiogenesis (Polverini et al., 1977). 
Over recent years, consensus has been reached that microglia are 
ontogenetically related to cells of the MPS lineage. Microglia are thought, by many, 
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to represent a specialised, resident macrophage population within the CNS 
parenchyma (Dunning and Furth, 1935; Perry and Gordon, 1991). Microglial cells 
appear to share many macrophage proteins and activities, both non-immune and 
immune response related (Zucker-Franklin et al., 1987; Thomas, 1992). Microglia 
and macrophages have a number of surface antigens and histochemical reactivities in 
common (see a) Labelling Methods). Similarly, adhesion is a characteristic property 
of both macrophages and amoeboid microglia, but not ramified microglia (Dickson 
et al. , 1991). Comparable to tissue macrophages, microglia are responsive to colony-
stimulating factors (reviewed in Dickson et al., 1991 ). However, current evidence 
suggests that while microglia appear capable of conversion into active macrophages 
(reactive microglia), they do not function as macrophages in normal tissues 
(Thomas, 1992). Both macrophages and amoeboid microglia are mobile cells, 
however, motility has not been observed in ramified microglia. Moreover, it has 
been suggested that ramified microglia may have the potential to become mobile 
after their conversion to the amoeboid form (Streit et al., 1988). A significant 
common property of macrophages and microglia is the ability for phagocytosis. 
Although various morphologic and functional studies have suggested that microglia 
are phagocytes (Giulian, 1987; Graeber et al., 1987; Streit and Kreutzberg, 1987; 
Suzumura et al., 1987; Hayes et al., 1988; Rieske et al., 1989), ramified microglia 
exhibit a significantly lower level of phagocytic activity (Murabe and Sano, 1982a; 
Giulian and Baker, 1986; Graeber et al., 1987) than amoeboid (Ling, 1976b; 
Valentino and Jones, 1981; Matsumoto and Ikuta, 1985) and reactive (Torvik, 1975; 
Brierley and Brown, 1982) microglia. A marked absence of turnover of the 
microglial cell population constitutes a notable difference between macrophages and 
microglia (de Groot et al., 1992; Hickey et al., 1992). Various reports have 
concluded that resting microglia are distinct from macrophages (Vrabec, 1970; Fujita 
and Kitamura, 1976; Kitamura et al., 1977, 1984; Oehmichen et al., 1979; Wood et 
al., 1979; Oehmichen, 1982; Schelper and Adrian Jr., 1986; Sminia et al., 1987). 
Immunohistochemical studies of microglia in the human adult retina have 
reported that only a proportion of all MHC class II and CD45-immunoreactive 
microglia express CD68 and Macrophage S22 antigens suggesting that in human 
adult retina macrophages are a sub-population of the retinal microglia (Penfold et al., 
1991; Provis et al., 1995b). In support of this, a considerable number of studies now 
suggest that microglia are distinct from macrophages. Patterns of ion channel (K+) 
expression (Kettenmann et al., 1990; Banati et al., 1991), and responses to both 
substance P (Martinet al., 1993) and corticotropin releasing hormone (Sacerdote et 
al., 1993) are features which distinguish microglia from macrophages. 
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f) Functional Properties 
Microglia appear to function in many diverse processes throughout the CNS. 
The involvement of microglia in phagocytosis, particularly during development, has 
been well documented (Linden et al., 1986; Giulian, 1987). As discussed above, 
microglia appear to be an important component of the glia limitans of the BBB/BRB 
(Lassmann et al., 1991; Provis et al., 1995b). Functional properties of microglia 
include the ability to migrate, proliferate and to displace synaptic boutons from the 
target neuronal surface in the case of neuronal injury (Schelper and Adrian Jr. , 1986; 
Streit et al., 1988; Graeber et al., 1993). Thus, tissue remodeling may be a function 
of microglia in CNS repair (Perry and Gordon, 1991; Banati and Graeber, 1994). In 
the mature brain microglia have been reported to play a role in neurotransmitter 
homeostasis (Murabe and Sano, 1982a) and a role for microglia in the regulation of 
astrocytic differentiation has also been postulated (Giulian, 1987). 
Observations made in vivo indicate that microglial activation (transformation 
of resting microglia into reactive microglia and/or macrophages) is triggered by 
injured neurones and may assist regeneration (Streit, 1993). Conversely, in vitro 
studies of rat brain describe glial regulation of neuronal survival through the release 
of soluble factors; neurotoxic agents are secreted by microglia and neuronotrophic 
factors are released by astrocytes (Giulian, 1993 ). The production and release of 
toxic factors by microglia suggests a key role for these cells in the initiation and 
mediation of secondary autodestructive tissue damage (Banati et al ., 1993). 
Microglial secretory products play in important role in the maintenance of the 
normal CNS environment. Other secretory products include, for example, 
proteinases, cytokines, reactive oxygen intermediates and reactive nitrogen 
intermediates (Giulian et al., 1986; Frei et al., 1989; Banati et al. , 1993; Dickson et 
al., 1993). Glia are an important source and locus of action of many cytokines in the 
brain and their development is regulated by cytokines (Rothwell and Hopkins, 
1995). Alterations in the production or release of cytokines may reflect a function of 
microglia as stimulators as well as suppressors of normal cellular functions (Banati 
and Graeber, 1994). Further, these alterations in cytokine balance may play a role in 
many pathologies, including acquired immune deficiency syndrome (Dickson et al., 
1991 ). However, most data regarding cytokines, and consequently microglial-
neuronal interactions, has been gained from in vitro experiments, and the relevance 
of these findings in vivo has yet to be determined. 
Surveillance of the CNS may be one of the most important functions of 
microglia. Structural and physiological observations of the blood-ocular barrier, the 
absence of a lymphatic drainage and low levels or absence of MHC class II antigens 
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in normal human retina and brain grey matter had previously led to the traditional 
view that the brain and retina were 'immunologically privileged' (Lampson, 1987; 
Abi-Hanna et al., 1988; Perry and Gordon, 1988; Tompsett et al., 1990; Streilein et 
al., 1992). Current consensus, however, indicates a principal role for microglia in the 
mediation of immunological processes as brain macrophages and/or antigen-
presenting cells and immmunoeffector cells involved in local inflammatory brain 
responses (Giulian, 1987; Streit et al., 1988) indicating that the CNS can no longer 
be regarded as a site with 'immune privilege' (Graeber and Streit, 1990a; Gehrmann 
et al., 1993; Graeber, 1993; Penfold et al., 1993; Liew et al., 1994). 
MHC antigens are necessary for antigen recognition by T cells in normal 
tissues; expression of MHC antigens is conventionally associated with antigen 
presentation and promotion of immune responses (Sadegh-Nasseri and Germain, 
1992). Their expression in normal brain has previously been reported to be low 
(Wekerle et al., 1986; Lampson, 1987) and low-level expression of MHC class I 
antigens on resting microglia has also been reported (Matsumoto and Fujiwara, 
1986; Matsumoto et al., 1986). A number of studies, however, have suggested that 
MHC class II (HLA-DR) antigen may be constitutively expressed by microglia in 
normal brain white matter and induced in grey matter microglia in response to 
pathology (Steinman and Nussenzweig, 1980; De Tribolet et al., 1984; Hayes et al., 
1987; McGeer et al., 1987; ltagaki et al., 1988; Luber-Narod and Rogers, 1988; 
Akiyama and McGeer, 1990; Mattiace et al., 1990; Tooyama et al., 1990). The 
presence of MHC class I (Ling et al., 1990; Graeber et al., 1992; Finsen et al., 1993) 
and class II (Hickey and Kimura, 1988; McGeer et al., 1988; Streit et al., 1988; 
Lowe et al., 1989; Gehrmann et al., 1993; Penfold et al., 1993) antigens on 
microglia has been further documented in various species. Furthermore, most recent 
immunohistochemical studies have confirmed constitutive expression of MHC class 
II antigens by microglia in normal adult human brain (Gehrmann et al., 1993) and 
retina (Penfold et al., 1993). 
Expression of MHC class II antigens alone cannot definitely be equated with 
antigen presentation by these cells (Graeber et al., 1992). However, in the case of 
bone marrow-derived cells such as microglia, a role for MHC class II molecules in 
antigen presentation is widely accepted (Markmann et al., 1988). Antigen 
presentation has been demonstrated in amoeboid microglia in vitro (Frei et al., 1987) 
and perivascular microglia in vivo (Hickey and Kimura, 1988). In the rat CNS, 
microglial cells, activated with lipopolysaccharide or interferon-gamma, were shown 
to induce a significant proliferation of virgin, alloreactive lymphocytes (Cash and 
Rott, 1994 ), providing support for a role of activated microglia as the fully 
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immunocompetent accessory cell population of the CNS. Similarly, human 
microglia have recently been shown to induce primary T cell responses in a mixed 
lymphocyte reaction in vitro (Ulvestad et al., 1994). Functional studies constitute a 
relatively new area for microglial research and many studies must be undertaken 
before the precise immunological function of microglia in the normal CNS can be 
understood. In addition, current evidence indicates the existence of interspecies 
variation with respect to the constitutive expression of MHC class II antigens 
(Gehrmann et al., 1993; Penfold et al., 1993; Sedgwick et al., 1993). 
The specific aims of this series of studies were as follows: 
1. To provide a detailed description and analysis of microglial cells in the 
developing human retina. This includes topographical analyses comprising 
quantitative data on the density distribution of microglia and soma and field 
diameter analyses. In addition, the phenotype and morphology of microglia in a 
developmental series of foetal retinae were investigated by application of a panel 
of leucocyte antigen markers. The presence of cells having characteristic 
microglial morphology, but having distinctive phenotypic characteristics, has 
made possible the examination of the ontogenesis of two distinct subpopulations 
of microglia. 
2. To examine the topography of leucocyte lineage cells in the developing human 
cornea. These analyses also comprised quantitative data on the density distribution 
of labelled cells and soma and field diameter analyses. The examination of 
phenotypic and morphological characteristics of leucocyte lineage cells in foetal 
cornea were also examined using a panel of markers. In addition, the phenotype 
and morphology of leucocyte lineage cells was examined in various ocular and 
non-ocular tissues, including skin, choroid, RPE, iris, sclera, extra ocular muscle, 
hyaloid and optic nerve. Comparison of these phenotypes with those of microglia 
in the developing human retina has also been made, suggesting that microglia may 
have features in common with dendritic cell populations found in other tissues. 
3. Finally, interspecies differences were studied by examination of mature rodent 
ocular tissues. The phenotype and morphology of leucocyte lineage cells were 
examined in mouse and rat retina, cornea, iris and conjunctiva. Some comparisons 
with similar populations in human ocular tissues were made in an effort to determine 
the suitability of these species as models of normal human ocular biology and 
disease. 
Zll3l.dVH3 
Chapter 2. Materials and Methods 38 
SPECIMENS 
Human Tissue 
Human tissues used in this study were obtained (following informed consent) 
according to the tenets of the Declaration of Helsinki and approval by the Human 
Ethics Committee at the University of Sydney, Australia. 
a) Adult Eyes 
Adult human tissue was obtained from eyes donated for corneal transplant 
(age range=2 days-84 years), through Lions Sydney Eye Bank, 2-18 hours post 
mortem (pm). All adult specimens with a known history of eye disease were 
excluded from these studies. 
b) Foetal Tissue 
Normal human foetal eyes and samples of normal human skin, in the age 
range 10-25 WG, were obtained within 15 mins-6 hours of pregnancy terminations. 
Foetuses at 21 WG or more died of natural causes, usually following premature 
delivery. Medical records and ultrasound examinations enabled the approximate 
gestational ages of foetuses to be determined; where necessary gestational ages of 
foetuses were confirmed by calculating retinal area (prior to dehydration where 
applicable) and comparing this data to a previous study of retinal area as a function 
of gestational age (Provis et al., 1985a). 
Foetal and adult human eyes were dissected into two portions by an incision 
at the ora serrata. Corneas with the conjunctivum attached were dissected away from 
the iris, ciliary body and lens. Retinae and ciliary processes were dissected free of 
the sclera, choroid and retinal pigment epithelium. Foetal skin (arm and forearm) 
was dissected free of subcutaneous adipose tissue and the remaining tissues (dermis 
and epidermis) were examined. All human specimens used in this thesis are 
summarised in Table 2.1. 
Animal Tissue 
All experiments were conducted according to the code of practice for 
experiments on animals and guidelines set by the National Health and Medical 
Research Council (Australia), which adhered to the Association for Research in 
Vision and Ophthalmology statement for the use of animals in ophthalmic and vision 
research. 
Rat eyes were kindly donated by Dr J. Sedgwick, The Centenary Institute, 
University of Sydney. Mice were obtained from Bosch Animal House, University of 
i '?7" 
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Sydney and BALB/c mice were also kindly donated by Dr. N. King, Department of 
Pathology, University of Sydney. Ocular tissues were obtained from: 
(i) adult albino BALB/c mice (n=20); 
(ii) adult (n=37) and newborn (n=2) C57 BLI6J mice; 
(iii) adult Brown Norway rats (n=13) and 
(iv) adult albino rats of the Lewis strain (n= 10). 
Rats were killed by C02 asphyxiation and the eyes enucleated immediately. 
Mice were overdosed with sodium pentobarbitone (Nembutal, 0.2 ml) and the eyes 
enucleated immediately. Following an incision at the limbus, rat and mouse eyes 
were immersion fixed for approximately 1 hour and dissected as for human tissue 
(see above). All animal specimens used in this thesis are summarised in Table 2.2. 
Fixation 
All specimens were fixed in either 2% paraformaldehyde in 0.1 M phosphate 
buffer (PB) (pH 7.4) or in a paraformaldehyde-lysine-periodate (PLP) solution 
containing 3% paraformaldehyde, 1.8% lysine, and 0.3% periodate (pH 7.4) for 24 
hours at 4 °C. 
STAINING AND LABELLING TECHNIQUES 
Inosine Diphosphatase Histochemistry 
Microglia and Langerhans cells were identified histochemically in 
wholemounts and sections of human foetal (n=8) and mouse (n=2) retinae and 
corneas using inosine diphosphatase (IDP) reactivity as a marker (Murabe and Sano, 
1982a). Following further fixation in 4% paraformaldehyde (in 0.1 M sodium 
cacodylate buffer, pH 7.2) with 8% sucrose and 5% dimethyl sulphoxide (DMSO) 
for 3 hours at 4 °C, specimens were rinsed overnight at 4 °C in several changes of 0.1 
M sodium cacodylate buffer (pH 7.2) with 8% sucrose. Specimens were incubated 
for 30 minutes at 37°C in a medium comprising distilled water (0.35 ml), 0.2 M Tris-
maleate buffer (pH 7 .2) (2 ml), 1% lead nitrate (0.6 ml), 25 mM manganese chloride 
( 1 ml), DMSO (0.05 ml) and 10 mM IDP (1 ml). They were then rinsed in distilled 
water, immersed in 2% aqueous ammonium sulphide for 2 minutes and rinsed again 
in distilled water. Retinae and corneas were prepared as wholemounts (Stone, 1981 ); 
whole specimens were mounted in glycerol on glass slides with the vitreal or 
epithelial surface upwards; sections were also mounted in glycerol. 
• ''119.f'!" 
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Table 2.1 Human Specimens 
Tissue Ages n General Methods Chapter 
Retina/ 10-25 81 IDPase histochemistry I 4 Ciliary Immunohistochemistry: 4,5 
processes CD45, MHC-1, MHC-11, Mac S22, 
CD68, GFAP, Thy-1 
Electron microsco 4 
Cornea 10-25 IDPase histochemistry 6 
Immunohistochemistry: 3 
CD45, MHC-1, MHC-11, Mac S22, 
CD68, GFAP, Thy-1 
Electron microsco 3 
Iris 10-25 Immunohistochemistry: 6 
CD45, MHC-1, MHC-11, Mac S22 
Choroid I 14-20 I 15 I Immunohistochemistry: I 6 
CD45, MHC-1, MHC-11, Mac S22, 
CD68 
Optic 17-20 3 Immunohistochemistry: I 6 
nerve MHC-11 on frozen sections 
Sclera 15-20 5 Immunohistochemistry: I 6 
MHC-II 
Extra- 17 1 Immunohistochemistry: 6 
ocular MHC-II 
muscle 
Skin I 10-20 I 6 I Immunohistochemistry: I 6 
CD45, MHC-1, MHC-11, Mac S22, 
CD68, S100 
Cornea 1-84 8 Immunohistochemistry: MHC-11 3 
Electron "';,. ........ ., ............... 
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Table 2.2 Animal Specimens 
Tissue Ages n General Methods Used Chapter 
Retinal 0-8 118 Lectin histochemistry, I 7 
Iris/ IDPase histochemistry, 
Ciliary Immunohistochemistry: 
T200, Jab, Jad, GFAP 
0-8 I 118 I Immunohistochemistry: I 7 
Jad 
Retinal 6-8 46 Immunohistochemistry: I 7 
Iris/ OX 1, OX 6, OX 42, GFAP 
Ciliary 
oesses I 
Cornea 6-8 I 46 I Immunohistochemistry: I 7 
OX l.OX6 
Lectin Histochemistry 
In two mice retinae, microglia were identified using a B4 isolectin derived 
from Bandeiraea simplicifolia. One mouse retina was covered in Tissue-Tek OCT 
Compound (Miles, Australia) and frozen in liquid nitrogen-cooled isopentane. 
Sections were cut at 15 or 20 J.lm on a Leitz 1720 cryostat and collected on gelatin 
coated slides. Following overnight fixation, whole retinae were pre-soaked in 0.2% 
Triton X-100 (BDH, Sydney, Australia)/phosphate buffered saline (PBS) overnight. 
Specimens were incubated in a solution of B 4 isolectin-peroxidase conjugate (Sigma, 
Australia), at a concentration of 0.05 mg/ml PBS containing 1% Triton X-100 
overnight for retinal wholemounts or one hour for retinal sections. Whole retinae or 
retinal sections were then washed and processed for the demonstration of peroxidase 
activity using the nickel-enhanced diaminobenzidine (DAB) technique (Vectastain, 
Vector Laboratories Inc., Burlingame, U.S.A.) (Adams, 1981). Whole retinae were 
mounted onto gelatinised slides, placed in a humidified chamber overnight at 4 °C so 
as to avoid sudden dehydration, air dried, dehydrated and mounted in DePeX (BDH, 
Sydney, Australia). Retinal sections were dehydrated and mounted in DePeX. 
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Immunohistochemistry 
Immunohistochemical procedures were used to identify leucocyte lineage 
cells of human, mouse and rat sectioned and flatmounted tissues. Following fixation, 
all tissues were washed thoroughly in several changes of 0.4% saponinltris buffered 
saline (TBS) (pH 7.6). Specimens were pre-soaked in 0.2% Triton X-100/TBS (pH 
7 .6) for peroxidase labelling or in 0.4% saponin/TBS for immunogold labelling, for 
1 hour (sections) or 1-6 days (flatmounts; depending on tissue size and thickness) at 
4°C. Tissues were incubated in primary antibody for 1 hour (sections) or 2-6 days 
(flatmounts) at 4°C and subsequently rinsed for 15 mins (sections) or overnight 
(flatmounts) in 0.4% saponin/TBS (pH 7.6) or 0.2% Triton X-1001TBS (pH 7.6). 
CD45- Leucocyte Common Antigen (LCA) 
The human LCA is a family of five or more high molecular weight 
glyocoproteins present on the surface of the majority of human leucocytes (Dalchau 
et al., 1980). DAKO-LCA contains two monoclonal antibodies PD7 /26 and 2B 11. 
The reactivity of PD7 /26 with an epitope expressed on three of the glycoproteins in 
the LCA family, was confirmed at the Fourth International Workshop on Human 
Leucocyte Differentiation Antigens (Vienna, 1989). Antibodies with this reactivity 
have been clustered as CD45RB. Reactivity of 2:S 11 with epitopes on four LCA-
chains was previously confirmed at the Third International Workshop on Human 
Leucocyte Differentiation Antigens (Oxford, 1986), however, this antibody was not 
designated as a CD45 antibody (DAKO Specification Sheet, #M701). In this thesis 
the LCA antibody will be referred to as CD45. CD45 is unreactive with non-
haematopoietic tissue. 
Major Histocompatibility Complex (MHC) Antigens 
Molecules within the MHC were originally recognised through their ability 
to provoke vigorous rejection of grafts exchanged between different members of a 
species. Their association with cell-surface antigens is necessary for recognition by 
T lymphocytes (Roitt, 1991). 
MHC class I (MHC-I) molecules consist of a heavy peptide chain of 43 kDa 
non-covalently linked to a smaller 11 kDa peptide called ~2-microglobulin. DAKO 
HLA-ABC, W6/32 is directed against a monomorphic epitope on the 45 kD 
polypeptide products of the HLA-A, -B and -C loci. MHC-I antigens are widely 
ditributed on human nucleated cells (Daar et al., 1984a), although variability in the 
intensity of expression is often evident (DAKO Specification Sheet, #M736). 
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MHC class II (MHC-11) molecules are also transmembrane glycoproteins, 
consisting of a and ~ polypeptide chains of molecular weight 34 kDa and 28 kDa 
respectively. The MHC-II gene consists of at least four subregions: HLA-DP, -DQ 
and -DR, containing a minimum of one alpha and one beta chain. DAKO HLA-DR, 
CR3/43 reacts with the beta-chain of all products of the gene subregions DP, DQ and 
DR. This antibody labels cells as listed in Table 2.3 (Steel, 1984; Smith et al., 1987). 
Macrophage Proteins 
Amersham anti-macrophage. This antibody was raised using a purified 
macrophage protein as immunogen. The immunogen was produced using affinity 
chromatography with polyclonal antibody S22. In this thesis, this antibody will be 
referred to as Macrophage S22 (Mac S22). This antibody recognises 56 and 72 Kd 
determinants in macrophages and 13 and 14Kd determinants in granulocytes. In 
addition, the antibody also recognises a determinant present in some squamous 
epithelium (Amersham Specification Sheet,# RPN.701). 
CD68. DAKO CD68, KPl detects a glycoprotein with a molecular weight of 
approximately 110 kD; its reactivity with the CD68 antigen has been confirmed. The 
same molecule is also recognised by the EBMll antibody. The antigen is expressed 
primarily as an intracytoplasmic molecule, probably associated with lysosomal 
granules. This antibody stains macrophages in a wide variety of human tissues, 
however, antigen-presenting cells may also show negative or weak staining (DAKO 
Specification Sheet, #M814) . 
CDllc. DAKO p150,95, KB90 reacts with a macrophage and hairy cell associated 
protein molecule consisting of two polypeptide chains with molecular weights of 
150 kD and 95 kD. The p150,95 protein belongs to a family of three related 
heterodimeric proteins designated as CDll. This antibody is equivalent in specificity 
to antibodies such as anti-Leu-M5 (DAKO Specification Sheet, #M732). 
In addition to these descriptions of the principal proteins examined by this 
thesis, characteristics of all primary and secondary antibodies used are summarised 
in Table 2.3. The immunoglobulin (Ig) subclass for all the primary human antibodies 
used in this thesis was IgGl, except for the HLA-ABC antibody, which was of the 
subclass IgG2a. For all primary mouse antibodies, the Ig subclass was IgG2a or 
IgG2b. The Ig subclass for primary rat antibodies was IgG 1 or IgG2. Primary and 
secondary antibodies were diluted in 2% normal sheep serum (Dako, Sydney, 
Australia)/0.4% saponin/TBS for peroxidase labelling or in 2% normal goat serum 
(Dako, Sydney, Australia)/0.4% saponin/TBS for immunogold labelling. 
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Table 2.3 Antibodies used in this Thesis 
Antibody Manufacturer Dilution Specificity and Distribution! 
mouse anti- human Dako, Australia 1:20 Human leucocytes. 2, 3 Lymphoid cells, 
Leucocyte LCA 1:50 macrophages and histiocytes. Unreactive with 
Common Antigen non-haematopoietic tissue 
Dako, Australia 1:50 Human nucleated cells; variable intensity of 
HLA-ABC, W6/32 expression 
mouse anti-human Dako, Australia 1:50 B cells, interdigitating reticulum cells, LC and 
HLA class II HLA-DR, CR3/43 many macrophages, a minority of epithelial 
(anti-MHC-11) cells, activated T cells and fibroblast-like cells 
: in peripheral blood 
mouse anti-human Amersham, Australia prediluted Macrophage anti-histiocyte4 
Macrophage Macrophage S22 or 1:5 ie. monocyte/macrophage lineage 
Dako, Australia 1:50 Monocytes, macrophages (cytoplasmic 
CD68, KP1 antigen) eg. EBMI I 2 
Dako, Australia 1:50 Monocytes/macrophages, granulocytes, hairy 
pl50,95 cell leukemia 2 
polyclonal rabbit Dako, Australia 1:500 Astroglial intermediate filaments5 and some 
anti-cow Glial GFAP 1:1000 groups of ependymal cells in CNS 
Fibrillary Acidic 
Protein 
Dako, Australia 1:50 Langerhans cells and melanocytes in skin 
S100 Brain glial and ependymal cells 
Schwann cells of 
Continued ... 
t 
L 
!F' 
Chapter 2. Materials and Methods 
Continued ... 
Antibody Manufacturer 
and Trade Name 
,, __ -_, .. -.- ' , ___ ----~~>--. 
Thy-!, clone AF9 
Pharmingen, U.S.A. 
Ly-5 
Gibco BRL, Australia 
CD45 (Ly5, CLA) 
Pharmingen, U.S.A. 
I-A b, clone AF6-
120.1 
Pharmingen, U.S.A. 
Dilution 
Used 
1:50 
1:100 
1:50 
1:100 
1:50 
1:100 
11:50 
1-Ad,cloneAMS-32.111:100 
Kindly donated 9 
Kindly donated 9, lO 
Kindly donated9, lO 
1:2 or 
undiluted 
1:2 or 
undiluted 
1:2 or 
undiluted 
45 
Specificity and Distribution! 
on lymphocytes (T-cells) 
Reacts with the Ly-5 (T200) antigen on T and 
B lymphocytes of all mouse strains tested 6, 7 
Expressed on T cells, B cells, macrophages, 
bone marrow cells, and stem cells from 
Rat leucocytes 
Ia molecule; DC, some macrophages 
Rat macrophages and endothelium 
Continued ... 
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Continued .. . 
Antibody Manufacturer Dilution 
biotinylated sheep I Amersham, Australia I 1 :50 
anti-mouse lg 
biotinylated sheep I Amersham, Australia I I :50 
Amersham, Australia I 1:50 
BioCell Research 
Laboratory, Cardiff 
goat anti-rat IgG + BioCell Research 
lgM, 5nm Laboratory, Cardiff 
U.K. 
goat anti-rabbit I BioCell Research 
F(ab')2 IgG + IgM, Laboratory, Cardiff 
Negative Control, I Dako, Australia 
Mouse lgGl Mouse IgG Negative 
Control 
11:50 
1:50 
1:50 
1:50 
l Details obtained from product data specification sheets 
2 (Erber, 1990) 
3 (Dalchau et al. , 1980) 
4 (Isaacson and Jones, 1983) 
5 (Bignami et al., 1980) 
6 (Ledbetter and Herzenberg, 1979) 
7 (Scheid and Triglia, 1979) 
8 (Loken and Stall, 1982) 
46 
Characteristics & Distribution 1 
Used for visualisation of anti-T200/CD45 
reactivity using immunogold labelling 
Used for visualisation of anti-GFAP and anti-
S100 reactivity using immunogold labelling 
Directed towards Aspergillus niger glucose 
oxidase, an enzyme which is neither present 
nor inducible in mammalian ti 
9 Kindly donated by Dr J. Sedgwick, The Centenary Institute, University of Sydney. Mouse 
monoclonal antibodies specific for rat cell suface markers were originally generated from hybridomas 
provided by the MRC, Cellular Immunology Unit, Oxford. 
10 Dr P.G. McMenamin, Department of Anatomy and Human Biology, University of Western 
Australia. 
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Three techniques were used for visualisation of bound antibody: 
a) fluorescence; b) peroxidase or c) imrnunogold. Details of these techniques are 
given below and presented in Fig. 2.1. 
a) Immuno-Fluorescence Labelling 
47 
The streptavidin-biotin fluorescence technique was used to detect labelling in 
flatmounts of human foetal retinae, iris and choroid, mouse retinae and both human 
and mouse retinal sections. Specimens were incubated in a biotinylated secondary 
antibody for 30 minutes (sections) or 24 hours (wholemounts) at 4°C. Biotinylated 
anti-rabbit Ig was used for GFAP-reacted specimens and anti-mouse Ig for all other 
primary antibodies. After further rinsing, specimens were incubated for 15 minutes 
in streptavidin fluorescein isothiocyanate (FITC) or streptavidin-Texas Red 
(Amersham, Australia; 1:100 dilution). Specimens were rinsed in distilled water, 
flatmounted in glycerol and coverslipped. 
b) Avidin-Biotin Peroxidase Labelling 
Human, mouse and rat wholemounted and sectioned specimens were 
incubated in a biotinylated secondary antibody for 30 minutes (sections) or for a 
further 24 hours (wholemounts) at 4°C. Biotinylated anti-rabbit Ig was used for 
GFAP and S 1 00-reacted specimens and anti-mouse Ig or anti-rat lg for all other 
antibodies. After a further rinse in TBS, bound antibody was detected with an 
avidin-biotin peroxidase labelling technique using a nickel-enhanced 3,3'DAB 
tetrahydrochloride solution (Adams, 1981 ). Radial cuts were made in all tissues to 
assist flattening; each specimen was wholemounted, vitreal surface or epithelial 
surface upwards, onto a gelatinised slide, placed in a humidified chamber overnight 
at 4 °C so as to avoid sudden dehydration, air dried, dehydrated and mounted in 
DePeX. Sections were dehydrated and mounted in DePeX. 
c) Immunogold Labelling 
Ocular and skin samples were labelled using lnm or 5nm gold particles 
enhanced with silver for light microscopy. Tissues were incubated overnight at 4°C 
in a gold conjugated secondary antibody. The colloidal gold conjugates used are 
detailed in Table 2.3. After further washing in 0.4% saponinffBS (2 hours), TBS (1 
hour) and 0.1M sodium cacodylate buffer (pH 7.4) (10 mins), tissues were fixed in 
2.5% glutaraldehyde in O.lM sodium cacodylate buffer for 1 hour at room 
temperature or overnight at 4°C in order to stabilise bound antibody complexes. 
After rinsing in distilled water, bound gold particles were visualised by silver 
enhancement (BioCell Research Laboratory, Cardiff, U.K.); the reaction was stopped 
Figure 2.1 Immunohistochemical techniques used in these studies 
included visualisation of bound antibody by immuno-
fluoresence: streptavidin fluorescein (A) or Texas Red 
(B); avidin-biotin peroxidase (C) and immungold (D) 
labelling. Human foetal retinae at 16 WG (A), 18 WG (D) 
and 20 WG (C) and human foetal choroid at 20 WG (B). 
Scale bar=50 !liD (A-C); 200 !liD (D). 
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by washing in distilled water. Conjunctivum, iris, ciliary body, choroid and sclera 
were prepared as flatmounts; corneas were prepared as wholemounts with the 
epithelium upwards; retinae, some with the hyaloid attached centrally, and ciliary 
processes were prepared as wholemounts with the vitreal surface upwards. All 
specimens were mounted in glycerol onto glass slides and coverslips were sealed 
using clear nail varnish. 
Controls 
Delay between death and fixation was less than 6 hours for all human foetal 
specimens used in this study. To examine for the effect of pm delay on MHC-11 
expression, fixation of some human foetal retinae (n=2) and corneas (n=1) was 
intentionally delayed at intervals of 45 minutes, 6, 12 and 18 hours (at 4°C) and the 
intensities of staining qualitatively compared between samples. In all cases, the 
intensity of MHC-11 staining was similar. In addition, optical densitometric analyses 
have established previously that MHC-11 expression is unaffected when pm delay is 
less than 16 hours (Penfold et al., 1993). 
For human tissues, non-specific antibody binding was excluded by 
substituting the primary antibody with a non-immune monoclonal mouse IgG 1 
isotype (Fig. 2.2). In addition, the primary and/or secondary antibodies were 
excluded in some experiments to control for non-specific binding of secondary 
antibodies. In mouse and rat experiments negative controls consisted of exclusion of 
primary and/or secondary antibodies. Control tissues showed no positive 
immunoreactivity for any of the antibodies used. Prior to incubating tissue in the 
primary antibody, some flatmounts of human foetal choroid were treated with a 3% 
H202/TBS solution for a minimum of 15 minutes; this pre-treatment significantly 
reduced non-specific background staining. 
Positive controls included human foetal and mouse and rat adult retinal and 
corneal wholemounts; tissues were incubated in antibodies directed against GF AP 
and Thy-1 antigens to confirm the effectiveness of the immunohistochemical 
techniques used (Chapters 5, 6 & 7). 
Sections 
After examination and analysis several wholemounted retinae and corneas 
were removed from slides and embedded in gelatin for sectioning. Small pieces of 
tissue were placed in a 14% gelatin solution in 30% sucrose in water and incubated 
at 37°C for 3 hours, then allowed to set at 4°C for a further 3 hours. Excess gelatin 
was trimmed from the samples which were then fixed in 4% glutaraldehyde in a 30% 
solution of sucrose in PB. Gelatin blocks were then covered in Tissue-Tek OCT 
Figure 2.2 Non-specific antibody binding was excluded by 
substituting the primary antibody with a non-immune 
monoclonal mouse IgG 1 isotype or by exclusion of the 
primary and/or secondary antibodies. Human foetal retina 
at 16 WG illustrates normal MHC-II labelling (A) and a 
mouse IgG 1 negative control (B) prepared using 
immunogold histochemistry. Human foetal cornea at 18 
WG is labelled using anti-MHC-II (C) and mouse IgG 1 
negative control (D) using peroxidase histochemistry. 
Negative control tissues (B, D) showed no positive 
immunoreactivity for any of the antibodies used. Scale 
bar=200 J..Lm (A-C); 50 J..Lm (D). 
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Compound and frozen in liquid nitrogen-cooled isopentane. Sections were cut at 15 
or 20 Jlm on a Leitz 1720 cryostat, collected on gelatin coated slides, counterstained 
with cresyl violet, dehydrated in graded alcohols, cleared and mounted in DePeX. 
Electron microscopy 
Pieces of PLP-fixed human cornea ( 10-20 WG; n=6), were cut 1-2 mm wide 
in a cross-section from the limbus to the central cornea. Pieces of human foetal 
retinae (10-20 WG; n=6) were cut 1-2 mm wide at the optic disc, temporal retinal 
periphery and retinal margin/pars caeca, the bilayered ciliary epithelium (Krebs and 
Krebs, 1991). These pieces were immunogold labelled for MHC-11 and macrophage 
antigens as described previously. Following fixation in 2.5% glutaraldehyde in 0.1M 
sodium cacodylate buffer (pH 7.4), specimens were post-fixed in 2% osmium 
tetroxide, dehydrated through a series of alcohols and acetone, embedded in Epon-
Araldite resin, and cured at 60°C. Semi-thin sections (0.5Jlm) were stained with 
toluidine blue and examined with a 1 OOx objective. Ultrathin sections were 
examined at lOOkV in an Hitachi H500 transmission electron microscope. 
Analyses 
a) Morphometric Analyses 
The morphology and size of immunoreactive cells in human foetal retinae, 
corneas and conjunctivum were assessed by light microscopy in both wholemounts 
and sections. Soma and dendritic field diameters of labelled cells were measured in 
samples of 100 cells from both superficial and deep planes of focus of 
wholemounted cornea (n=20) and conjunctivum (n=l). Dendritic field diameters of 
labelled cells were measured in samples of 100 or 200 cells from each of the three 
planes of positive cells in wholemounted retinae at three representative ages ( 11, 16, 
20WG). 
b) Cell Density 
Density distributions of positive cells (number per mm 2) were mapped by 
light microscopy using a squared ocular graticule at a final magnification of x125. 
Counts of positive cells were made in consecutive squares, completely sampling all 
wholemounted corneas or retinae. Positively-labelled cells within the graticule 
square, or touching its upper and left borders, were included in the counts and the 
data plotted onto an outline of the wholemount drawn to scale from which the 
corneal or retinal area was also estimated. 
The full thickness of each cornea was surveyed in two planes of focus 
(superficial and deep) for peroxidase-labelled specimens and in approximately four 
.. w-
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planes of focus for immunogold-labelled specimens; the final densities were 
obtained by adding the counts from each plane of focus. The full thickness of each 
retina was surveyed in three planes of focus, thus producing 3 maps for each 
specimen analysed. In 5 retinal wholemounts (2 IDP, 2 MHC-II and 1 CD45) counts 
of positive cells were only sampled in selected areas due to technical difficulties; 
these specimens were not used in estimates of total cell number. 
c) Population Analyses 
The total number of immunoreactive cells for each corneal or retinal 
specimen was determined and using the surface area, mean density per mm2 
calculated. Data for all specimens in each age group were pooled and the average 
density per mm 2 and the average total population calculated. For retinal specimens 
which were not sampled in their entirety, cell densities from fields counted at various 
retinal locations (retinal margin, periphery and optic disc) were examined to obtain 
the mean density± S.D. for each specimen. Data for MHC-II-reacted retinae were 
pooled in three age groups; an 'avascular' group (10-13 WG - prior to retinal 
vascularisation), and two age groups post vascularisation (14-18 WG and 19-25 
WG); all other retinae were analysed in similar ages groups at 10-13 WG, 14-17 WG 
and 18-25 WG. The average density per mm2 in each plane of positively-labelled 
cells was calculated for each specimen and for each age group. 
d) Topographical Analyses 
Distribution maps of MHC-II and Mac S22-positive cells in each corneal 
wholemount (Chapter 3) and three distribution maps of MHC-I, MHC-II, CD45 and 
Mac S22 immunoreactive cells in each plane of retinal wholemounts (Chapters 4 & 
5) were prepared using the 'Magellan' program for the Macintosh (Halasz and 
Martin, 1984). 
Qualitative assessments of immunostaining for MHC and leucocyte antigens 
in human foetal skin, cornea, choroid, iris, optic nerve, sclera, extra-ocular muscle 
and hyaloid (Chapter 6), and rodent ocular tissues (Chapter 7) were also made. 
Staining characteristics for each antibody were graded using the following scale: 
negative (-), variable (±), weak ( + ), positive ( ++) or strongly positive ( +++) and 
summary tables prepared. 
CHAPTER3 
Immunohistochemical and Topographic Studies 
of Dendritic Cells and Macro phages in 
Human Foetal Cornea 
1 .• ·~{;, •• • • 
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INTRODUCTION 
The dendritic cell system 
Together with macrophages, dendritic cells (DC) are now recognised to be 
the principal accessory cells of the vertebrate immune system, playing a major role 
in T cell induction and constitutively expressing MHC class II antigens (Steinman 
and Nussenzweig, 1980; King and Katz, 1990; Patterson et al., 1991; LaFontaine et 
al., 1992). However, DC can be distinguished from macrophages by their dendritic 
morphology, more potent accessory function, minimal phagocytic capacity and 
decreased levels of lysosomal enzymes (Wood et al., 1985). Current evidence 
suggests that DC belong to a separate, bone marrow-derived lineage (Steinman and 
Nussenzweig, 1980). DC occur in most tissues (Lowe et al., 1989) including 
lymphoid tissues, peripheral blood and most non-lymphoid tissues, except the brain 
and retina (Austyn, 1987; Patterson et al., 1991; Streilein et al., 1992). In each site 
DC, usually indicated by different names (see Table 3.1), share structural and 
functional features, the most notable being the ability to capture antigens and initiate 
T cell-mediated immunity (Steinman, 1991). In non-lymphoid organs, dendritic cells 
such as epidermal Langerhans cells (LC) and heart interstitial cells can give rise to 
'veiled cells' in the afferent lymph and blood. The veiled cells then migrate to 
lymphoid tissues where they are known as 'dendritic' or 'interdigitating' cells 
(Steinman, 1991). Furthermore, DC are more efficient antigen presenting cells than 
either B cells or macrophages in the induction of secondary immune responses 
(Steinman, 1991). 
Table 3.1. Dendritic cells and their characteristics (King and Katz, 1990). 
Cell type Location Major functional role 
Thymic DC Thymic medulla Tolerance induction 
Langerhans cell Epidermal sites Antigen uptake/processing 
Veiled cell Afferent lymph Antigen transfer 
Interdigitating DC Lymph node, paracortex Antigen presentation 
I 
/splenic periarteriolar 
' lymphatic sheath 
Follicular DC Germinal centres Regulation of B-cell 
memory 
Interstitial DC Parenchymal organs ? Antigen uptake/ 
processing 
Periphe~al blood DC_ f>eripheralblood Migratory form of DC 
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DC are flattened mononuclear cells with an irregular shape, and exhibiting 
abundant mitochondria and irregularly shaped, pulsatile nuclei (Steinman and 
Nussenzweig, 1980). These specialised cells actively produce a variety of cell 
processes, including spiny dendrites, bulbous pseudopods and veils (Austyn, 1987). 
DC have few, if any endocytic vesicles and lysosomes. It has been suggested that 
DC may be involved in the pathogenesis of autoimmune diseases (King and Katz, 
1990; Knight et al., 1992). 
The dendritic cell surface is distinct among leucocytes and is consistent with 
their functional capacities. In the mouse and human, descriptions of the dendritic cell 
surface have been widely documented. The phenotypic characteristics of DC are 
summarised in Figure 3.1. DC characteristically express CD45 (a feature of all 
leucocytes) and high levels of MHC class I and class II antigens, however, they lack 
the differentiation markers of either monocytes orB cells (Brooks and Moore, 1988). 
MHC class II genes are abundant in DC as both I-A and I-E in the mouse, and HLA-
DP, DQ, DR in human (Steinman, 1991). In addition, DC express low levels of the 
integrin CD11b, but have moderate levels of CD11c (pl50/90) (Steinman, 1991). In 
contrast to macrophages, DC are not actively phagocytic and they show little or no 
B-cell molecules 
CD19-, CD20-, CD2T, 
CD24 , CD40++ 
T-cell 
molecules 
CD 1 +/- , CD4 +/-
Leucocyte common 
antigen 
+ -CD45 ,45RA 
cos+/- II. ._ 
Myeloid molecules 
CD13+1-CD14-, CD17-, 
CD3t+<-cD33-, CD34 -, 
CD36 -, CD65-, CD6r, 
CD68-
Adhesion 
molecules 
CD1la+;"CD18 +; 
CD54 ++ 
MHC 
Class 1++; Class II+++ 
Fe receptors 
CD16-, CD23+/-, 
CD32 +!~ CD64 -
NK cell 
CD56-, CD57 
Complement 
receptors 
CD 11 b- , CD 11 c +;" 
CD2r , CD35-
Activation molecules 
CD25 +I~ CD26 -, 
CD30+/~ CD39-, 
CD69 +~-CD70-, CD71-
Figure 3.1 DC surface antigen expression (Modified from King and 
Katz, 1990; Steinman, 1991). 
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expression of Fe receptors (Steinman and Nussenzweig, 1980). Cytokines have been 
reported to influence DC function by enhancing T cell-mediated immunity, and may, 
therefore, play a pivotal role in immunogenicity (Steinman, 1991). 
Langerhans Cells 
DC in human epidermis were discovered in 1868 by Paul Langerhans using 
gold chloride impregnation (Langerhans, 1868). These intraepidermal DC appeared 
to be continuous with nerve fibres in the dermis and were, therefore, considered 
elements of the nervous system (Wolff, 1991; Bergfelt, 1993). Subsequent studies 
suggested that LC were related to melanocytes due to their dendritic morphology 
(Masson, 1951 ). In the late 1960s, LC were shown not to belong to the neural tissues 
or to the melanocytes (Breathnach et al., 1968), and their bone marrow origin was 
demonstrated soon thereafter (Katz et al., 1979). Several studies followed which 
recognised the antigen-presenting function of LC (Silberberg, 1973; Silberberg et 
al., 1976; Silberberg-Sinakin and Thorbecke, 1980; Streilein and Bergstresser, 
1984 ). Ultrastructurally, LC exhibit features of metabolically active cells, containing 
abundant mitochondria, a well-developed endoplasmic reticulum and Golgi 
apparatus and lysosomes. Their phagocytic potential, however, is far less than that of 
macrophages (Wolff and Sting!, 1983). Historically, the presence of intraplasmic 
organelles named Birbeck granules has been considered the distinctive ultrastructural 
marker of LC (Wolff and Sting!, 1983). 
Thus, LC are an established population of DC which mediate antigen 
presentation in vitro (Romani et al., 1989; Steinman, 1991) and in vivo in the skin 
and cornea (Klareskog et al., 1979; Wolff and Stingl, 1983; Teunissen, 1992). 
Constitutive expression of MHC-11 antigens is a characteristic feature of DC 
including LC in the skin (Klareskog et al., 1977; Rowden et al., 1977), the 
conjunctivum and the adult corneal epithelium of several animal species (Klareskog 
et al ., 1979; Rodrigues et al ., 1981; Gillette et al., 1982) and humans (Rodrigues et 
al., 1981; Bhan et al., 1982; Fujikawa et al., 1982; Whitsett and Stulting, 1984; 
Vantrappen et al., 1985; Catry et al., 1991). In addition, LC have been shown to 
carry receptors for Fc-IgG and C3 (Stingl et al., 1977) and to express S-100 protein 
(Rowden et al., 1985) and CD1a antigen (Romani et al., 1991). Although the 
presence of LC throughout the epithelium of the central cornea in normal infants has 
previously been reported using nucleotidase reactivity (Chandler et al., 1985), little 
is known about these cells in the developing human cornea and the identity of MHC-
11 -positive cells in the corneal stroma remains controversial (Klareskog et al., 1979; 
Rodrigues et al., 1981; Fujikawa et al., 1982; Mayer et al., 1983; Treseler et al. , 
! !·· ~~-
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1984; Tuft et al., 1984; Vantrappen et al., 1985; Williams et al., 1985; Baudouin et 
al., 1988a; Catry et al., 1991). 
Subsets of macrophages and DC have been identified previously using 
monoclonal antibodies in normal human tissues including brain and skin (Franklin et 
al., 1986). In addition, populations of resident DC and macrophages have been 
reported in the rat ciliary body and iris (McMenamin et al., 1992), the rat choroid 
(Forrester et al., 1994) and in the human retina (Penfold et al., 1991, 1993). 
However, despite the importance of such populations in the understanding of normal 
corneal biology and human corneal transplantation, the presence of heterogeneous 
populations of DC and macrophages in the human foetal cornea has not been 
investigated. In the present study antibodies to MHC-II and Mac S22 antigens were 
used to study the morphology and distribution of DC and macrophages in 
wholemounted foetal cornea. 
MATERIALS AND METHODS 
Normal human foetal (n=74; 10-25 WG) and adult (n=8; 40-84 years) 
corneas and conjunctival controls were processed using peroxidase and immunogold 
histochemistry to visualise MHC-II and Mac S22 cells. Analyses were carried out as 
detailed in Chapter 2. Some pieces of cornea were gelatin embedded and sectioned. 
In addition, pieces of foetal (n=6) and adult (n=4) cornea were examined by electron 
microscopy (EM). All procedures are detailed in Chapter 2. 
RESULTS 
Morphology 
In all foetal corneal wholemounts, the anterior cornea lies uppermost and the 
posterior cornea underneath. The anterior cornea will subsequently be referred to as 
the superficial cornea and the posterior cornea as the deep cornea. 
MHC-II and Mac S22-positive cells were present in all specimens studied, 
displaying uniformly intense reactivity. Immunoreactive cells were distributed 
throughout the foetal corneal epithelium and stroma, and in the immunogold 
preparations were distributed in a non-laminar fashion (Fig. 3.2). In corneal 
wholemounts most MHC-II or Mac S22-positive cells had a dendritic morphology 
with multiple varicose cell processes extending from a small oval cell body (Fig. 
3.3). Positive cells with a more rounded, condensed morphology were also present, 
particularly in specimens prepared using immunogold histochemistry (Fig. 3.3F, H). 
No staining was observed in corneas where a non-specific IgG 1 isotype control was 
Figure 3.2 Semi-thin sections (0.5 J..Lm) of human foetal cornea 
reacted for MHC-II antigens (16 WG, A, D) and Mac S22 
antigen (11 WG, B, C, E). Immunoreactive cells were 
distributed in a non-laminar fashion throughout foetal 
corneas. Immunoreactive cells with distinct silver-particle 
labelling of the cell surface are indicated (arrows) in 
anterior stroma (A, B), mid-stroma (C) and posterior 
stroma (D, E). Ep, epithelium, En, endothelium, K, 
keratocytes. (Immunogold histochemistry; toluidine blue). 
Scale bar=50 J..Lm (A, D, E); 30 J..Lm (B, C). 

Figure 3.3 Photomicrographs of wholemounted human foetal cornea. 
MHC-11-positive cells (arrows) were evident in planes of 
focus through (A) the basal epithelial cells (b) and (B) in 
the posterior corneal stroma (peroxidase histochemistry, 
19 WG). Mac S22 antigen-positive cells (arrows) were 
also evident in planes of focus through the (C) basal 
epithelial cells (b) and (D) in posterior corneal stroma 
(peroxidase histochemistry, 17 WG). MHC-11 reactivity 
(arrows) visualised using immunogold histochemistry, 
revealed dendritic cells similar to those of peroxidase 
labelled corneas (E), in the corneal epithelium and 
anterior stroma (13 WG) and rounded cells with short 
processes (F) in mid- and posterior stroma ( 11 WG). 
Similarly, dendritiform and rounded Mac S22-positive 
cells (arrows) were apparent in corneal epithelium and 
anterior stroma (G, 11 WG) and in mid- and posterior 
stroma (H, 17 WG) using immunogold histochemistry. 
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substituted for the primary antibody (see Fig. 2.2). Similarly, no staining was 
apparent in corneas where primary and secondary antibodies were excluded. 
Generally, the average diameters of the cell fields and somata of MHC-11 and 
Mac S22-positive cells were similar at all gestational ages (see APPENDIX I). 
MHC-11 and Mac S22-positive cells had field diameters ranging from 13-81 !liD 
while soma diameters of positive cells ranged from 4-15 !lm. Average field and 
soma diameters of MHC-11 or Mac S22-positive cells at 4 representative gestational 
ages are presented in Figure 3.4. The data indicate that, with the exception of MHC-
11 cells at 12 WG, the field diameters of both Mac S22 and MHC-11-positive cells 
were larger in the superficial compared with the deep cornea (see APPENDIX I). 
Furthermore for the ages studied, Mac S22-positive cells consistently had larger 
fields and larger somata than MHC-11-positive cells (see APPENDIX I). Using either 
Mac S22 or MHC-11 antibodies, t tests for superficial versus deep cell diameters 
across all ages were non-significant except for Mac S22 field diameters (p<0.0001) 
(see APPENDIX I). Average diameters of superficial somata and fields and deep 
somata across ages were significant when compared between antibodies (n=4) (see 
APPENDIX I). 
Conjunctival immunoreactive cells had a ramified morphology similar to the 
immunoreactive cells of the cornea (Fig. 3.5). In contrast to immunoreactive cells of 
the cornea, however, many conjunctival immunoreactive cells were elongated 
parallel to the corneal circumference, displaying larger average field diameters than 
immunoreactive cells of the cornea. MHC-11-positive cells of the conjunctivum had 
an average soma diameter of 6.1 ± 1.4 !liD (range, 4.4-10.6 !liD), and an average field 
diameter of 44.2 ± 9 !liD (range, 20-71 !lm). At 25 WG MHC-11-positive cells, 
evident at the junction of the peripheral cornea and conjunctivum, exhibited long 
streamer-like processes oriented perpendicular to the limbus (Fig. 3.5). 
In wholemounted human adult cornea, MHC-11 (Fig. 3.6) and Mac S22-
positive cells were identified in the epithelium and anterior stroma of the limbus and 
in the epithelium of peripheral cornea. Positive cells were not seen in the central 
cornea. Immunoreactive cells had a dendritic morphology similar to that seen in 
foetal cornea. Some positive, rounded cells with short processes were also observed 
using both antibodies, however, cells of this morphology were more numerous in 
Mac S22 reacted specimens (not illustrated). 
At the EM level silver-enhanced immunogold labelling was detected on the 
surface of cells distributed throughout the full thickness of the foetal cornea (Fig. 
3.7). Immunoreactive cells had mono- or bi-lobed nuclei with condensed 
heterochromatin in the periphery. The Golgi apparatus and rough endoplasmic 
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Figure 3.4 Average field and soma diameters of MHC-11 and Mac S22-positive 
cells in human foetal cornea. Average diameters were estimated 
from eight corneal wholemounts prepared using immunogold 
histochemistry (12, 15, 18, and 20 weeks gestation) in superficial 
(anterior) cornea and deep (mid and posterior) cornea. 
Figure 3.5 MHC-11-positive LC of the conjunctivum were seen 
oriented parallel to the limbus (A). In the conjunctiva, at 
higher magnification (B), MHC-11-positive LC with 
similar morphologies to immunoreactive cells of the foetal 
cornea were apparent ( 17 WG, immunogold 
histochemistry). LC with streamer-like dendrites 
(arrowheads) were observed at 25 WG in the peripheral 
cornea (C) and limbus (L) (C). 'Streamers' may represent 
migrating LC. Scale bar=200 ~m (A, C); 50 ~m (B). 

Figure 3.6 Photomicrographs of wholemounted human adult cornea 
(79 years) prepared using immunogold histochemistry. 
MHC-II-positive LC (arrows) were observed in the 
epithelium and anterior corneal stroma at the limbus (A) 
and in the epithelium of the corneal periphery (B). L, 
limbus; C, cornea. Scale bar=50 !J,m. 
g 
Figure 3.7 Electron micrographs of immunoreactive cells in human 
foetal cornea prepared using immunogold histochemistry. 
An MHC-11-positive cell in the anterior stroma (A) 
displays distinct labelling (arrows) of the cell surface ( 16 
WG). A Mac S22 immunoreactive cell in the stroma (B , 
20 WG) displays distinct cytoplasmic labelling (arrows). 
Unlabelled keratocytes (k) are also visible. N, nucleus. 
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reticulum were well developed. Similar morphological forms were apparent 
throughout foetal corneas. There was no evidence of MHC-II or Mac S22 reactivity 
on keratocytes or endothelial cells, although some epithelial cells appeared to display 
MHC-II or Mac S22 reactivity. At the EM level, MHC-II (Fig. 3.8) and Mac S22 
immunoreactive cells of the adult cornea displayed similar characteristics to those 
described above for immunoreactive cells of foetal cornea. 
Corneal Area 
Corneal area increased steadily with increasing gestational age. Mean corneal 
area for MHC-II and Mac S22 labelled specimens at each gestational age are listed 
in Tables 3.2 & 3.3. These data were pooled to obtain average corneal areas for all 
specimens analysed at each gestational age (Fig. 3.9), and revealed a six-fold 
increase in corneal area over the period of development studied. Analysis of corneal 
area in fellow eyes at 13, 15 and 17 WG in which one eye was prepared using 
avidin-biotin peroxidase immunohistochemistry and the other using immunogold 
histochemistry, indicated shrinkage of the peroxidase labelled corneas of 17.7%, 
15.8% and 14.4% respectively. 
Topography in Wholemounts 
Immunoreactive cells were distributed across the full corneal area and 
throughout the conjunctivum in all preparations (Fig. 3.5 & Fig. 3.10). 
Peroxidase 
In peroxidase reacted corneas anti-MHC-II and anti-Mac S22 labelled cells 
were visualised at two planes of focus in the superficial and deep cornea (Fig. 3.10). 
Greater numbers of cells were evident in superficial compared with the deep cornea. 
Quantitative data from corneas where MHC-II (n=50) and Mac S22 (n=8) 
immunoreactivity were visualised with peroxidase are summarised in Table 3.2 and 
illustrated in Fig. 3.11. The average density of MHC-II immunoreactive cells 
increased from 2 cellstmm2 at 10 WG to 245 cells/mm2 at 25 WG; the total numbers 
of MHC-II immunoreactive cells were 10 at 10 WG and 7627 at 25 WG. The 
average density of Mac S22 immunoreactive cells increased from 14 cells/mm2 at 12 
WG to 86 cells/mm2 at 18 WG; the total numbers of immunoreactive cells increased 
from 33 at 12 WG to 1456 at 18 WG. 
Initially, separate topographical maps were prepared for superficial and deep 
corneal planes for each specimen (Fig. 3.12). Total densities (superficial plus deep 
counts) and distributions of anti-MHC-II-positive peroxidase reacted cells are shown 
in 5 representative maps covering the range of foetal ages studied (Fig. 3.13). 
Figure 3.8 Electron micrograph of an MHC-II immunoreactive cell 
(LC) in human adult cornea prepared using immunogold 
histochemistry. Distinct labelling of the cell surface was 
observed (arrows). Unlabelled keratocytes (K) are also 
visible. 
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Age (weeks' gestation) 
Mean corneal area, estimated from all specimens analysed (n=68), at 
each gestational age using peroxidase and immunogold 
histochemistry. A six-fold increase in average corneal area was 
evident over the period of development studied. Error bars=standard 
deviations. 
Figure 3.10 Photomicrographs of human foetal corneal wholemounts 
reacted for MHC-II reactivity using peroxidase 
histochemistry. MHC-II immunoreactive cells (19 WG) 
were distributed evenly over the full corneal area and were 
evident at planes of focus through the corneal epithelium 
(A) and the posterior stroma (B). Variation in cell 
morphologies was apparent: (A) anteriorly 
immunoreactive cells displayed dendritic morphology; (B) 
posteriorly immunoreactive cells were dendritic, 
elongated or rounded with short processes. Mac S22 
immunoreactive cells were less numerous at comparable 
ages and were also evident in the corneal epithelium (C) 
and in the posterior stroma (D). Many epithelial cells were 
also intensely Mac S22-positive (C). Scale bar=200 !liD. 
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Figure 3.11 
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e MHC-11-positive 
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Average densities of MHC-11 and Mac S22 immunoreactive cells 
estimated from counts of the full corneal area in 58 corneal 
wholemounts (peroxidase histochemistry). Average densities 
increased steadily over the period of development studied. Mac 
S22-positive cells were consistently present in numbers comprising 
30-50% of the MHC-11-positive cells. 
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Similarly, 4 representative maps displaying the distributions of peroxidase reacted 
anti-Mac S22-positive cells are shown in Figure 3.14. These distribution maps 
indicate that for all specimens, the densities of immunoreactive cells were higher in 
the central cornea compared with the peripheral cornea, and increased with 
gestational age. Further, the densities of anti-Mac S22-positive cells were generally 
less than half of anti-MHC-11-positive cells at similar ages. 
Immunogold 
Immunogold labelling for MHC-11 and Mac S22 reactivity in 10 corneas 
revealed positive cells of both dendritic and rounded forms (Fig. 3.3E-H). Using 
immunogold techniques positive cells were distributed throughout the corneal 
epithelium and stroma in a non-laminar fashion. Many of these immunogold labelled 
cells (Mac S22-positive and MHC-11-positive), present in the stroma, had a few short 
processes and a rounded morphology (Fig. 3.3F, H). In contrast to corneas prepared 
using peroxidase techniques, immunogold labelled corneas displayed greater 
numbers of immunoreactive cells in deep compared with the superficial cornea (not 
illustrated). Quantitative analyses indicated that greater numbers of immunoreactive 
cells were present in corneas processed using immunogold histochemistry compared 
with avidin-biotin peroxidase histochemistry. 
Data from the 10 specimens prepared using immunogold histochemistry are 
presented in Table 3.3. The average density of MHC-11 immunoreactive cells was 40 
cellsfmm2 at 12 WG, and 181 cellsfmm2 at 15 WG and the total numbers of MHC-11 
immunoreactive cells were 104 cells at 12 WG and 1956 cells at 15 WG. The 
average density of Mac S22 immunoreactive cells was 16 cells/mm2 at 12 WG, and 
156 cellsfmm2 at 18 WG and total numbers of immunoreactive cells were 63 at 12 
WG and 2650 cells at 18 WG. Generally, the total numbers and average densities of 
immunogold labelled Mac S22-positive cells were 50% or less than those of MHC-
11-positive cells at similar ages. 
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Table 3.2 Avidin-Biotin Peroxidase Labelled Cells 
Age n Average Density/ Average Total Average 
(WG) area nun2 density/ number of total 
(mm2) (range) mm2 positive number of 
(mean±SD) (mean±SD) cells (range) positive cells 
(mean±SD) 
·Mli~-i:ijt~:~·~.··lo:··:;I!H,t;•·riii~t.··· ···.1::ft·;:: ;;;.·: ;fiJi· :'.1!;~!;!.·\.,,:.j :;+1:.~<rrrtL~ ·· ;. ; rn:~~; "q;.;-r;: ; ... ·· ·r·· tnrly·~·.· ·~:E;)~ 
,., ' .;. . ' .. , '''i i )~' 
10 3 4.4±2 1-5 2.5 ± 1 10-12 11 ± 1 
13 6 6.5±4 2-68 45±21 84-390 261 ± 133 
14 4 9.5±3 9-134 112 ±53 558-1092 934±252 
15 4 11.3 ± 2 15-213 126 ±57 934-2223 1399 ± 609 
16 6 15.7 ± 2 14-186 114 ± 46 867-2400 1741 ± 564 
17-18 10 17.2 ± 2 10-302 155 ± 68 994-4703 2676 ± 1252 
19 6 17.8±3 4-310 196 ±52 2018-5 142 3546 ± 1265 
20 9 19.5 ±4 9-372 202 ±75 1653-5986 3787 ± 1386 
25 2 31.6 ± 1 63-240 188 ± 80 4204-7627 5916 ± 2420 
.lMj6:s~if"i:\;; •. ',WHI::-t: ~:tfHV.: .. ;:f·Hi, ~'Vif:rti ,. ~1~ti~ ·~ !X;l .. ~ ,.~t.U. , .:·:; ,k~;.~"·~~-!.\t0'%· . · ~ > : .. ;· t i¥\M ·  ,;J:. •. ,;,·r; .. ~,~Ki~~, 
12 2 2.5±0.7 2-25 15±2 33-41 37±6 
13-14 2 4.4 12-52 34±21 85-214 150 ± 91 
15 1 12.2 36-103 61 745 745 
16 1 12.4 8-40 21 262 262 
17 1 14.2 40-87 58 8 16 816 
18 1 17.0 32-142 86 1456 1456 
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Table 3.3 Immunogold Labelled Cells 
Age Average Density/ Average I Total No. of 
(WG) area nun2 density/ 
(mm2) (range) nm2 
Mll~ii-,, , , ~ ~·:: ·. ··: .. ,}:;~::~. ,...~-- ~-~ : -~ '-+-l1" ~ -· ~-:z- ,. ._,,.--- ·: : .. : ~ :- . 
12 I 2.6 10-35 40 104 
3.3 15-190 167 550 
15 10.8 148-2311 181 1956 
18 13.9 15-190 92 1283 
Mj~s22'\, , 
12 I 4.0 12-17 16 63 4.5 20-36 28 124 
3.1 25-48 52 164 
15 11.2 60-114 88 983 
17 16.6 40-147 97 1613 
18 17.0 32-191 156 2650 
15 Weeks 
Deep Layer 
(0-18 cells/mm2 ) 
1 mm 
-
Superficial 
Layer 
(0-105 cells/mm2) 
Figure 3.12 Densities of MHC-11 and Mac S22-positive cells 
were initially estimated in separate maps of 
superficial and deep corneal planes. An example of 
this is illustrated for an MHC-11 reacted cornea at 15 
WG prepared using peroxidase histochemistry. 
MHC-11-positive cells are concentrated centrally 
through the thickness of the cornea although greater 
numbers are apparent superficially. Dot size is 
proportional to cell density; density range is 
indicated to the left of each map. Within the outline 
for each specimen, the limbus is indicated by a 
broken circle. A scale bar is also indicated. 
Figure 3.13 Total densities (superficial plus deep counts) and 
distributions of MHC-11-positive cells in human foetal 
corneas (peroxidase histochemistry), are shown in 5 
representative maps covering the range of foetal ages 
studied. Immunoreactive cells were distributed at all 
corneal locations and densities increased steadily as 
gestation progressed, with a tendency for cells to 
concentrate centrally. Dot size is proportional to cell 
density; density range is indicated to the left of each map. 
Within the outline for most specimens, the limbus is 
indicated by a broken circle. Scale bars are also indicated 
for each specimen. 
10 Weeks 
1-4 cells/mm2 (C 13 Weeks 
lmm 
-
15-68 cells/mm 2 
16 Weeks 
24-134 cells/mm 2 
19 Weeks 
lmm 
-
25 Weeks lmm 
-
lmm 
-
Figure 3.14 Total densities (superficial plus deep counts) and 
distributions of Mac S22 antigen-positive cells in human 
foetal corneas, (peroxidase histochemistry), are shown in 
4 representative maps covering the range of foetal ages 
studied. Mac S22 immunoreactive cells were also 
distributed at all corneal locations and densities increased 
steadily as gestation progressed, with a tendency for cells 
to concentrate centrally (compare with Fig. 3.12). Dot size 
is proportional to cell density; density range is indicated to 
the left of each map. Within the outline for each specimen, 
the limbus is indicated by a broken circle. Scale bars are 
also indicated for each specimen. 
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DISCUSSION 
Morphology 
The present study indicates that MHC-II and Mac 522 immunoreactive cells 
are present in the epithelium and stroma of the normal human foetal cornea. Previous 
studies have described isolated MHC-II antigen-bearing cells in the corneal stroma 
of adult guinea pigs (Klareskog et al., 1979) and humans (Rowden et al., 1979; 
Fujikawa et al., 1982; Mayer et al., 1983; Treseler et al., 1984; Tuft et al. , 1984; 
Vantrappen et al., 1985; Williams et al ., 1985; Baudouin et al., 1988a; Catry et al., 
1991). Rounded MHC-II-positive cells assumed to be of lymphoid origin, have been 
reported in the peripheral stroma of guinea pig cornea (Klareskog et al., 1979). 
Others have identified MHC-II-positive cells of dendritic morphology in corneal 
stroma as interstitial DC (Mayer et al., 1983; Tuft et al., 1984), rare MHC-11 
antigen-bearing keratocytes (Treseler et al., 1984 ), passenger cells in transplanted 
tissue (Williams et al., 1985), 'spindle cells' (possible precursors of epithelial DC, 
Catry et al., 1991) or 'indeterminate cells' (Rowden et al., 1979). However, many 
reports have suggested that MHC-II-positive cells in the corneal stroma may be LC 
(Rowden eta/., 1979; Fujikawa et al., 1982; Treseler et al., 1984; Tuft et al., 1984; 
Baudouin et al., 1988a). LC have been shown previously to express high levels of 
MHC-II antigens (K1areskog et al., 1979; King and Katz, 1990; Jager, 1992; 
Bergfelt, 1993). MHC-11-positive cells in the adult human peripheral cornea and 
limbus have also been shown to contain Birbeck granules, ultrastructural features 
considered specific for LC (Sugiura and Matsuda, 1970; Rodrigues et al., 1981 ). 
' Indeterminate cells' have been described as a discrete population of dendritic cells, 
different from melanocytes and LC (Rowden et al., 1979; Ghadially, 1988; 
Teunissen, 1992), however, MHC-11-positive 'indeterminate cells ' of the corneal 
stroma have also been reported to be morphologically similar to LC except for the 
absence of Birbeck granules (Rowden et al., 1979). Studies by Andersson et al. 
(1981) and Karas et al. (1984), however, suggest that there is no such thing as an 
'indeterminate cell' as examination of epidermal serial sections in combination with 
tilting of the sections using a goniometer stage always reveals Birbeck granules in 
the 'indeterminate cells'. The presence of Birbeck granules in the so-called 
'indeterminate cells' must be interpreted as evidence for a relationship with LC. The 
ultrastructural identification of Birbeck granules as the definitive feature of LC 
remains contentious; confident identification of Birbeck granules necessitates 
meticulous serial sectioning of tissue and such a task is difficult and impractical in 
any extensive study. No attempt was made in the present study to identify Birbeck 
granules as all EM specimens had been fixed and stained for optimal 
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immunohistochemical reactivity, and as such, ultrastructural preservation was 
inadequate for confident identification of these small subcellular granules. The 
present study indicates that the majority of the MHC-II-positive epithelial and 
stromal cells observed in both foetal and adult cornea are morphologically and 
phenotypically consistent with previous descriptions of LC (Sugiura and Matsuda, 
1970; Dezutter-Dambuyant et al., 1985). 
Two morphologically distinct populations of MHC-II and Mac 522-positive 
cells were observed throughout the developing cornea: large, dendritic cells and 
smaller, rounded cells; a larger proportion of the smaller, rounded cells were present 
in deep stroma. Population of the developing cornea by MHC-II-positive 
macrophages is consistent with previous studies which have described MHC-11-
macrophages in the epidermis (Rowden et al., 1979; Harrist et al. , 1983). These 
observations suggest that there is a heterogeneous population of MHC-II 
immunoreactive cells in the developing human cornea. While macrophages are 
expected to express both MHC-II and macrophage (Mac S22) antigens, dendritic LC 
are expected to be MHC-11-positive, but Mac S22 antigen-negative (Steinman, 
1991). The present data suggest that in the developing human cornea macrophages 
represent approximately 30-50% of the population ofMHC-Il immunoreactive cells. 
The remaining MHC-II immunoreactive cells, we suggest, represent dendritic LC. 
However, the possibility that Mac S22 antigen immunoreactive cells are an 
additional population, not immunoreactive for MHC antigens, cannot be ruled out 
until double labelling experiments have been carried out. 
DC can be distinguished from macrophages by their morphology, more 
potent accessory cell function, minimal phagocytic capacity and lower levels of 
lysosomal enzymes (Wood et al., 1985). The observation that dendritic morphology 
is not indicative of cell origin or function (Sting!, 1990) is born out by the results of 
the present study. Cells of both rounded and dendritic morphologies are evident in 
human foetal cornea labelled using either MHC-11 or anti-Mac S22 antibodies, 
suggesting that corneal LC and macrophages can occur in both ' dendritic ' and 
rounded forms. 
Comparison of Immunohistochemical Techniques 
Both the avidin-biotin peroxidase and immunogold techniques indicated 
greater numbers of MHC-II-positive cells than Mac S22-positive cells in corneas of 
similar ages. However, in specimens of similar ages and incubated in the same 
primary antibodies, the immunogold technique consistently labelled more cells than 
the avidin-biotin peroxidase technique. Furthermore, differences in apparent 
lamination of immunoreactive cells, prepared using the peroxidase or immunogold 
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techniques, suggest better penetration of the tissue by the immunogold F(ab'h 
secondary antibody compared with the biotinylated (lgG) secondary antibody used 
for the peroxidase labelling. 
Comparison of corneal areas from the two techniques suggests that 
dehydration of corneas in the peroxidase method produced a shrinkage of 10-20%. 
Densities of positive cells from peroxidase reacted corneas are, therefore, slightly 
overestimated. Taking account of the improved penetration using the immunogold 
procedure and approximately 15% shrinkage of peroxidase labelled specimens, we 
estimate that the peroxidase labelled specimens may underestimate actual numbers 
of LC and macrophages by about 40-50%. Despite these discrepancies both methods 
reveal similar observations in cell morphologies, general topographies and overall 
populations (see below). 
Topography 
Leucocyte lineage cells have been reported to migrate from the bone marrow 
as monocyte-like cells to peripheral structures via the circulating blood (Katz et al., 
1979; Bergfelt, 1993). Despite this concept, previous reports indicate that LC in the 
epidermis might be maintained by mitosis (Teunissen, 1992); LC captured during 
mitosis have been identified using electron microscopy (Hashimoto and Tarnowski, 
1968; Kumakiri et al., 1984), tritiated thymidine (Giacometti and Montagna, 1967; 
Miyauchi and Hashimoto, 1989) and flow cytofluorometric analysis (Czemielewski 
et al., 1985). Although re-population of LC by a small percentage of dividing LC 
appears unlikely, the possibility that both mitosis and migration of bone marrow 
precursors may contribute to maintenance of the LC population should be 
considered. However, no evidence of dividing LC was observed in sectioned corneas 
in the present study. 
The results of the present study indicate that LC and macrophages are normal 
constituents of the human cornea from as early as 10 WG and further suggest a 
continued influx of MHC-II and Mac S22 immunoreactive cells up to, and most 
likely beyond, 25 WG. These findings are consistent with a study of LC ontogeny in 
human foetal skin which reports MHC-11-positive LC to be present during early 
gestation (6-7 WG, Foster et al., 1986). Foetal corneas are relatively thin and the 
wholemount technique allows direct analysis of immunoreactive cells in all layers. 
Previous studies have used corneal sections or flatmounts of corneal epithelium 
(separated from the underlying stroma) to examine LC distribution in adults and 
infants (Rodrigues et al., 1981; Gillette et al., 1982; Chandler et al., 1985; Williams 
et al., 1985). Nucleoside phosphatases such as adenosine triphosphatase (ATPase), 
adenosine diphosphatase and inosine diphosphatase have previously been used as 
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markers of retinal microglia, macrophages and epidermal LC (Sanyal and De Ruiter, 
1985; Stingl, 1990). Quantification of ATPase-positive LC in one human foetal 
cornea (23 WG) reported densities considerably lower than those described in the 
present study (48 LC/mm2 in central cornea and 75 LC/mm2 in peripheral cornea) 
(Chandler et al., 1985). LC density in the central corneal epithelium (and 
immediately adjacent anterior stroma) in specimens of 20-25 WG was estimated to 
be 118-241 LC/mm2, which is greater than those reported by Chandler et al. ( 1985). 
The higher LC densities observed in the present study do not simply reflect 
differences in technique but more likely arise from difficulties in comparing data 
from a single cornea (Chandler et al., 1985), with data averaged from a number of 
corneas (n=l1, 20-25 WG, present study). 
Studies of adult corneas in guinea pig, hamster, mouse and man have 
established that LC are present in the epithelium of the conjunctiva and peripheral 
third of the cornea, but absent from the central cornea (Klareskog et al., 1979; 
Streilein et al., 1979; Bergstresser et al., 1980). In contrast, LC have been reported to 
be present in the epithelium of the central foetal and infant cornea (Chandler et al., 
1985). Immunoreactive cells were observed over the full corneal area distributed 
throughout the epithelium and stroma and concentrated in the central cornea at all 
gestational ages. The increase in average density of immunoreactive cells with 
increasing gestational age observed in the present study indicates that MHC-11 and 
Mac S22 immunoreactive cells are not simply included pro rata in relation to an 
increase in corneal area. The presence of maximum average densities of MHC-11 
immunoreactive cells centrally at 25 WG (present study) and in newborn infants 
(Chandler et al., 1985) indicates that LC exit the cornea well after 25 WG and that 
the characteristic adult topography, in which central corneal LC densities approach 
zero/mm 2, occurs sometime after birth. 
Streamer-like dendrites have been previously described in guinea pig (Lang 
et al., 1981; Kelley et al., 1985) and in mouse cornea (Hazlett, 1993) and it has been 
suggested that these elongated cells may be a migrating or activated form of LC 
(Kelley et al., 1985). Although the streamer-like cells observed at 25 WG in the 
present study (not illustrated) cannot be concluded to be migrating, their similarity to 
previously reported 'streamers', suggests that by 25 WG LC may have commenced 
their movement away from the central concentration of LC observed during 
development. 
The average density of MHC-II immunoreactive cells centrally increases 
120-fold over the period studied while corneal area increases 6-fold. The elevated 
densities of LC in infant corneas have been suggested to be the result of the smaller 
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eye allowing greater numbers of LC to reach the central corneas due to limited 
mobility of LC from blood vessels (Chandler et al., 1985). However, this is 
inconsistent with the present data where the highest densities occur centrally, the 
region most distant from the limbal vasculature. The susceptibility of LC to 
ultraviolet (UV) radiation has also prompted the suggestion that UV radiation may 
be responsible for the decreased LC densities in the adult cornea (Chandler et al., 
1985). However, while acute UV radiation has been shown to reduce epidermal and 
corneal LC temporarily (Wolff and Sting!, 1983; Kelley et al., 1985; Bergfelt, 1993), 
LC numbers are not reduced with age or in response to chronic UV exposure 
(Bergfelt, 1993). Exposure of the infant eye to UV radiation does not appear to be 
the principal reason for clearing of LC from these corneas. The absence of LC in 
central adult cornea is more likely due to the production of factors by adult corneal 
epithelial or stromal cells which inhibit the migration or reduce the life span of LC 
(Chandler et al., 1985). Furthermore, other possible explanations to account for the 
reduced numbers of LC in the central adult cornea may include cell migration of 
central LC towards the limbus, undetectable levels of expression of MHC-II antigens 
by LC, or possibly, apoptotic deletion of centrally located LC. An important 
objective of future studies will be to determine the precise stimulus, time course and 
mechanism of reduction of LC numbers in prenatal and postnatal corneas. 
Immunological Significance 
This study describes in detail the presence of large numbers of DC and 
macrophages throughout the human foetal cornea, consistent with observations in 
other tissues. Resident populations of both DC and macrophages have been 
described previously in normal tissues including spleen, bone marrow, thymus, 
lymph node, liver, brain, lung, kidney, colon and skin (Holt et al., 1985; Wood et at., 
1985; Franklin et at., 1986; Poulter et al., 1986; Brooks and Moore, 1988; Matyszak 
et al., 1992; Pavli eta/., 1993). In addition, heterogeneous populations of resident 
DC and macrophages have been reported in the rat ciliary body, iris (McMenamin et 
al., 1992) and choroid (Forrester et al., 1994) and in human retina (Penfold et al., 
1991, 1993). In the human retina it has been estimated that a subpopulation of 
microglia express macrophage antigens (Penfold et al., 1991). Functional tests 
indicate that in the gut and lung, macrophages may inhibit the activity of dendritic 
antigen-presenting cells, thereby modulating the local immune responses (Holt et al., 
1985; Pavli et al., 1993). Accordingly, it seems reasonable to suggest that in most 
tissues, including cornea, similar functional capacities related to the occurrence of 
both DC and macrophages may exist. A complete picture of the means by which 
tolerance to self antigens is established is not presently available, however, T cells, B 
Chapter 3. Dendritic Cells & Macrophages in Human Cornea 66 
cells and specialised populations of DC have been implicated (Mitchison, 1992). DC 
in the developing human cornea may, similarly, have a role in establishing tolerance 
to corneal antigens. Assuming that foetal corneal DC do indeed play a role in this 
process, then it is possible to speculate that the degree to which this process occurs 
in each individual during development may determine the susceptibility of the 
mature cornea to autoimmune disease. 
A similar study of foetal epidermal LC demonstrated their presence before 
the full activation of the immune system and suggested that foetal epidermal LC may 
have the capacity to function as antigen presenting cells, but that parts of the 
immune system may be too immature to cooperate (Foster et al., 1986). As LC are 
powerful initiators of T -cell mediated immune responses (Steinman, 1991 ), their 
presence in foetal and adult cornea, even in small numbers, has important 
implications for transplantation. The transplantability of the cornea has been 
suggested to be related to the absence, or reduced numbers, of MHC-II-positive 
immunocompetent cells in the corneal epithelium. The presence of MHC-II-positive 
cells in the central stroma of adult corneas would appear to be related to the 
relatively low corneal graft success rate in vascularised and inflamed eyes (Williams 
et al., 1985). Retention, into adulthood, of a proportion of the MHC-II-positive cells 
observed in human foetal corneal stroma, may explain the presence of some stromal 
MHC-II-positive cells in normal human adult cornea and corneal grafts. The present 
results confirm, therefore, the unsuitability of foetal and infant tissue for corneal 
transplantation. The significance of the existence of a transient population of LC and 
macrophages in the foetal corneal stroma and epithelium and the implications for the 
immunological status of this tissue remains to be fully established. 
CHAPTER4 
Development of Microglial Topography 
in Human Retina 
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INTRODUCTION 
Microglia of the CNS were initially described by del Rio-Hortega (1919). 
The first descriptions of microglia in the retina, optic nerve and optic tract of human, 
monkey, rabbit and pig followed shortly thereafter (Lopez Enriquez, 1926). 
Subsequently, many aspects of microglial morphology in mature retina have been 
investigated in a variety of mammalian species (Vrabec, 1970; Boycott and Hopkins, 
1981; Ling, 1982; Terubayashi et al., 1984; Sanyal and De Ruiter, 1985; Schnitzer, 
1988b ), but interest in aspects of the development of microglial distributions is a 
relatively recent phenomenon. 
Studies of the development of microglia have been carried out primarily on 
mouse, rat and rabbit retina. Although many previous studies have examined the 
distribution of microglia through the retinal thickness, few have analysed the 
distribution of these cells across the retinal area. An early report described the 
presence of microglial-like cells, thought to enter from the hyaloid circulation, in the 
developing rat retina (Santha and Juba, 1933). However, significant studies of 
microglial development did not resurface until 1983 when microglia in the 
developing mouse retina, were labelled using immunohistochemistry (Hume et al., 
1983 ). F4/80 antigen-positive macrophages were reported to invade from the retinal 
vasculature in response to neuronal cell death, and to subsequently differentiate into 
microglia which formed a regularly spaced distribution across the retina in the IPL 
and OPL (Hume et al. , 1983). These authors suggested that the regular distribution 
of microglia across the retina corresponded to the presence of a regular distribution 
of dying cells. Round macrophage-like cells, labelled using AcP, were also reported 
to invade the postnatal rat retina, in association with the developing vasculature, and 
transform into the ramified microglia observed in the adult retina (Boya et al., 1987a 
1987b). In addition, other studies have examined the development of microglia in 
mouse (Sanyal and De Ruiter, 1985) and rat (Ling, 1981 b; Ling, 1982; Sanyal and 
De Ruiter, 1985) retina. 
The development of microglial distributions has been investigated in 
wholemounts of developing rat (Ashwell et al ., 1989) and rabbit (Ashwell, 1989; 
Schnitzer, 1989) retinae using enzyme and lectin histochemistry. Population of the 
retina by microglial cells was found to occur prior to vascularisation and cell death 
in both the rabbit and rat (Ashwell, 1989; Ashwell et al., 1989; Schnitzer, 1989). The 
initial appearance of microglia in these retinae occurred at the vitreal surface and 
they subsequently penetrated the retinal thickness to take up their final places in the 
inner retinal layers (Ashwell, 1989; Ashwell et al., 1989; Schnitzer, 1989). These 
developmental studies suggest that most microglial precursors enter the retina via the 
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hyaloid circulation prior to retinal vascularisation. Regular distribution of microglia 
across the retinal surface of the developing rabbit retina was observed despite the 
fact that a large portion of the retina was avascular for more than one week 
postnatally, and it was proposed that blood-derived microglia would have to migrate 
over considerable distances to produce this regular distribution (Schnitzer, 1989). 
Similar distributions have been observed in the avian retina where microglia were 
reported to enter the retina, and first spread from central to peripheral areas before 
also migrating in a vitreal to scleral direction (Navascues et al., 1995). 
The distributions of microglial populations have been less extensively 
examined in the human CNS (Kershman, 1939; Hutchins et al., 1990a, 1990b; Esiri, 
et al., 1991 ). In the human foetal spinal cord a heterogeneous population of 
microglia was detected by 18 WG, located principally in the developing white matter 
(Hutchins et al., 1990a). In the human brain, microglia have been identified from 8 
WG (Kershman, 1939) and 13 WG onwards, with the majority of cells located in the 
germinal matrix, and decreasing numbers present in the white matter and cortex 
(Hutchins et al., 199Gb). Esiri et al. ( 1991) detected macrophages in the germinal 
matrix and white matter of the human foetal brain by mid-gestation, and well 
differentiated microglia from 35 WG. However, perhaps due to the lack of a reliable 
marker, and difficulty in obtaining fresh tissue, relatively little is known concerning 
the appearance, morphology and topography of microglia in the normal human foetal 
retina. 
Human retinal microglia have been shown recently to be immunoreactive to 
a number of markers expressed by leucocytes, including the leucocyte common 
antigen, CD45 and the macrophage markers EMB/11 (Esiri and McGee, 1986) and 
macrophage (S22) and CD68 (Penfold et al., 1991). Constitutive expression of 
MHC-11 antigens has been identified on human retinal and brain microglia 
(Gehrmann et al., 1993; Penfold et al., 1993), and constitutive expression of MHC-I 
antigens on retinal microglia in foetal and adult human retina has been described 
recently (Diaz-Araya et al., 1994; Penfold et al., 1994; Provis et al., 1995b ). 
Expression of these markers by microglia challenges the view that the retina and 
CNS do not express MHC antigens (Abi-Hanna et al., 1988; Perry and Gordon, 
1988; Streilein et al., 1992). 
The appearance and development of human retinal microglia have not been 
previously documented. Consequently, the morphology and role of microglial cells 
in the normal developing retina remain to be resolved. In the present study, a 
monoclonal antibody directed against MHC-11 antigens and nucleotidase enzyme 
histochemistry have been used to describe for the first time the development of 
microglial topography in normal human foetal retina. The results suggest that a 
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population of microglia is established in the retina prior to vascularisation, migrating 
into the retina from both the retinal margin and the optic disc. 
MATERIALS AND METHODS 
Microglia were identified in normal human foetal retinae and ciliary 
processes (n=24, 10-25 WG) using IDPase histochemistry and immunofluorescence, 
peroxidase and immunogold labelling to visualise MHC-11 immunoreactive cells. 
Retinae were analysed in three age groups, 10-13 WG, 14-18 WG and 19-25 WG 
(see Chapter 2). After examination and analyses some retinal pieces were gelatin 
embedded and sectioned. In addition, some retinae were reacted using immunogold 
histochemistry and processed for routine EM. All procedures were carried out as 
detailed in Chapter 2. 
RESULTS 
Labelling of Microglia 
Microglia were positively-labelled using IDPase histochemistry and 
antibodies to MHC-II antigens (Fig. 4.1). In IDPase reacted specimens both major 
vascular elements and microglia were positively-labelled (Fig. 4. 1A-C); microglia 
appeared to be rounded or ramified with few, cell processes. Comparisons of 
immunolabelled microglia (present study) with those labelled using enzyme 
histochemistry (Murabe and Sano, 1982a; Sanyal and De Ruiter, 1985; present 
study) demonstrate the superior results obtained using immunohistochemistry. 
Although microglia were positively labelled using immunofluorescence and 
peroxidase visualisation techniques (not illustrated), the best results were observed 
using immunogold histochemistry (see Chapter 3; Diaz-Araya et al ., 1995a) (Fig. 
4.10). In all specimens treated with the latter method, the somata and processes of 
each cell were completely and intensely labelled, making them suitable for 
topographical analyses. A further advantage of the immunohistochemical technique 
is that anti-MHC-11 withstands strong fixation and does not normally label vascular 
elements. Anti-MHC-II was found to be an intense and consistent marker of human 
foetal microglia; staining was uniform over the entire surface area of all specimens 
tested. In addition, examination of gelatin-embedded specimens indicated that anti-
MHC-II antibodies penetrated the full thickness of retinal wholemounts. For these 
reasons, only MHC-11-reacted retinae were used for quantitative topographical 
analyses in this study. 
Figure 4.1 Photomicrographs of wholemounted human foetal retinae 
at 13-14 WG (A, B, C) and 16 WG (D). Microglia are 
labelled using IDPase histochemistry (A, B, C) and a 
monoclonal antibody directed against human MHC-II 
antigens (D). In IDPase reacted specimens, both vascular 
elements (m, invading mesoderm) and microglia (arrows) 
are labelled. Superior labelling of microglia was observed 
using immunogold histochemistry for MHC-11 reactivity 
(D). Scale bar=200 Jlm (A); 50 Jlm (B-D). 
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Laminar distribution 
Positively-labelled cells were observed in all specimens studied from as early 
as 10 WG and distributed throughout the retina in at least three planes. Laminar 
distribution of positive cells was generally similar at all ages studied, however, 
regional variation was evident within each specimen. 
At 10-13 WG the majority of positive cells at the optic disc and adjacent 
areas were in the superficial retina, in the NFL and INZ (Fig. 4.2A). At the optic disc 
positive cells were rarely evident in the ONZ or ventricular layer (VL). In peripheral 
areas of specimens at 10-13 WG, most positive cells were seen at the INZ/ONZ 
junction or in deep regions of the ONZNL (Fig. 4.2B). Many of the positive cells 
distributed in deep peripheral retina were oriented vertically, extending throughout 
the ONZ. Relatively few positive cells were seen in the NFL or INZ in peripheral 
retina at l0-13 WG (Fig. 4.2B). At the retinal margin at 10-13 WG positive cells 
were evident in the inner half of the retina and at the INZJONZ junction (Fig. 4.2C); 
fewer positive cells were apparent in the NFL and ONZ, however, positive cells 
were occasionally seen in the VL adjacent to the retinal pigment epithelium. Similar 
distributions to those described for the 10-13 WG age group were seen at the optic 
disc and retinal margin at 14-18 WG (not illustrated). In peripheral retina at 14-18 
WG positive cells were generally distributed in the NFL, GCLIIPL regions and in 
the ONZ, with many of the latter cells being oriented vertically as far as the IPL (not 
illustrated). 
At 19-25 WG most positive cells at the optic disc were distributed in the 
thickened NFL, with relatively fewer positive cells evident in the deeper layers (Fig. 
4.3A). In the peripheral retina at these gestational ages, positive cells were 
distributed in the NFL, the GCL/IPL, and in the developing OPL; some cells were 
seen extending vertically through the developing INL (Fig. 4.3B). The retinal margin 
at 20-25 WG was similar to that described for the 14-18 WG age group, positive 
cells being evident in both outer and inner retina. Positive cells of inner retina 
appeared to be continuous with positive cells observed in the adjacent pars caeca 
(Krebs and Krebs, 1991), the bilayered ciliary epithelium (Fig. 4.3C). 
Morphology 
In the superficial plane, most positive cells were elongated along an axis 
parallel to the nerve fibres, with long, narrow cell bodies and long cell processes 
(Fig. 4.4A, D). Two further morphological variations were seen superficially in 
regions where cell processes were not constrained by nerve fibre bundles. First, cells 
of dendritic morphology were observed occasionally in peripheral retina and at the 
retinal margin. Second, rounded cells were evident at the retinal margin from as 
Figure 4.2 Gelatin embedded sections (20 Jlm) of human foetal retina 
reacted for MHC-11 reactivity at 10-13 WG 
(immunogold). At early gestational ages immunoreactive 
cells are distributed in a laminar fashion throughout the 
retina and are presented here at 3 retinal locations, the 
optic disc (A), the retinal periphery (B) and the retinal 
margin (C). Microglia dis played characteristic 
distributions through the retinal thickness at each of these 
retinal locations. V, vitreal surface; ON, optic nerve head; 
INZ, inner neuroblastic layer; ONZ, outer neuroblastic 
layer; RPE, retinal pigment epithelium. Scale bar=50 Jlm 
(A, C); 100 )..tm (B). 
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Figure 4.3 Gelatin embedded sections (20 Jlm) of human foetal retina 
reacted for MHC-II reactivity at 20 WG (immunogold). 
Immunoreactive cells are distributed in a laminar fashion 
throughout the retina and are presented here at 3 retinal 
locations, the optic disc (A), the retinal periphery (B) and 
the retinal margin (C). By 20 WG microglia were 
distributed primarily in the nerve fibre layer, inner 
plexiform layer (IPL) and outer plexiform layer (OPL). 
Rounded and dendritiform MHC-ll-positive cells at the 
pars caeca of the ciliary processes (pc) and retinal margin 
are indicated by arrows. V, vitreal surface; ON, optic 
nerve head; GCL, ganglion cell layer; INL, inner nuclear 
layer; ONL, outer nuclear layer. Scale bar= 100 Jlm (A, 
C); 50 Jlm (B). 
) 
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Figure 4.4 Higher magnification photomicrographs of wholemounted 
MHC-II-reacted retinae at 11 WG (A, B, C) and 20 WG 
(D, E , F) prepared using immunogold histochemistry. 
MHC-II-positive microglia are evident at three planes of 
focus through the full thickness of the retina; in the 
superficial plane cells are elongated (A, D), in the middle 
plane the majority of cells are large and ramified (B, E), in 
the deep plane most cells are smaller with few cell 
processes (C , F). Generally, MHC-11-positive microglia 
became more ramified with increasing gestational age(~ 
F). Scale bar=50 Jlm. 
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early as 10 WG and at the optic disc from 13-14 WG. In the middle plane most 
positive cells were large and of dendritic (ramified) morphology, with multiple, 
varicose cell processes extending from a small oval cell body (Fig. 4.4B, E). These 
cells appeared to become more ramified as gestation progressed (Fig. 4.4E). In the 
deep plane positive cells were characteristically small and rounded with short, fine 
cell processes; a proportion of these cells were ramified (Fig. 4.4C, F). With 
increasing gestational age positive cells of the deep plane appeared larger and more 
ramified, although they were always less ramified than cells of the middle plane. 
At the retinal margin and in the immediately adjacent pars caeca positively-
labelled cells of both rounded and dendritiform morphology were apparent (Fig. 
4.5). Positive cells were concentrated at the retinal margin and adjacent ciliary 
processes (pars caeca) at most gestational ages studied (see Microglial Topography). 
Naso-temporal differences in cell morphology were also evident in all specimens 
analysed. Positive cells of temporal retina appeared more mature than those 
equidistant from the disc in nasal retina. This was particularly evident in the middle 
plane where dendritiform cells of temporal retina (Fig. 4.6A) appeared more 
ramified than those in nasal retina (Fig. 4.6B). 
At the EM level silver-enhanced MHC-II immunogold labelling was detected 
on the surface of cells distributed throughout the thickness of the foetal retina from 
the developing NFL through to the OPL (Fig. 4.7). Immunoreactive cells had mono-
or hi-lobed nuclei with condensed heterochromatin in the periphery. Similar 
morphological forms were apparent throughout foetal retinae. There was no evidence 
of MHC-II reactivity on macroglial cells or neuronal elements. 
Field Diameters of Microglia and Retinal Area 
Generally, the average field diameters of MHC-II-positive cells increased 
with increasing gestational age. Average long axis fields covered by positive cell 
processes were largest in the superficial plane and smallest in the deep plane at all 
ages examined. In contrast, the average short axis field diameters were largest in the 
middle plane and smallest in the superficial plane during the period examined. In the 
superficial plane, positive cells had field diameters ranging from 30-375 ~m (long 
axis) and 5-50 ~m (short axis); in the middle plane they were 30-158 J..lm (long axis) 
and 8-90 IJ.m (short axis) and in the deep plane, 10-130 J..lm (long axis) and 8-83 J.lm 
(short axis). Average field diameters of MHC-11-positive cells at 3 representative 
gestational ages are presented in Figure 4.8. 
Retinal area increased steadily with increasing gestational age (estimated 
from medical records and ultrasound examinations). Mean retinal area for MHC-II 
immunoreactive specimens (n=16) at each gestational age are presented in Figure 
Figure 4.5 Positively-labelled cells were identified at the ciliary 
processes (A) and at the retinal margin (B ) of most 
specimens analysed. MHC-II positive cells are evident at 
the pars caeca, the bilayered ciliary epithelium (pc), of a 
specimen at 14 WG (A, immunogold). At lower 
magnification, MHC-11-positive cells are apparent in the 
ciliary processes and at the retinal margin of a specimen at 
20 WG (B, FITC). Note that dendritiform morphology is 
evident even as microglia appear to enter the retina. R, 
retina. Scale bar=50 J.Lm (A); 200 J.Lm (B). 

Figure 4.6 Naso-temporal differences in microglial development are 
apparent in this 16 WG specimen, reacted for MHC-II 
reactivity (immunogold). Positively-labelled microglia of 
the middle plane are more extensively ramified in the 
temporal (A) compared with the nasal (B) retinal 
periphery. Scale bar = 100 J.Lm. 

Figure 4.7 Electron micrographs of MHC-II immunoreactive cells in 
human foetal retina prepared using immunogold 
histochemistry. Labelled cells were most readily identified 
in the inner retina, particularly in the NFL/GCL (A ) and 
IPL (B, C ). MHC-11-positive cells displayed distinct 
labelling (arrows) of the cell surface (20 WG). An 
unlabelled ganglion cell (g) is also visible. Scale bar=3 
~m (A, B); 2 ~m (C). 
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Figure 4.8 Average field diameters of MHC-II -positive cells sampled 
in superficial, middle and deep planes of human foetal 
retina at three representative ages (ll WG, 16 WG, 20 
WG). Generally, average field diameters increased with 
gestational age in all planes. Error bars=standard 
deviation. 
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4.9. Average retinal areas for all specimens analysed revealed a thirteen-fold 
increase in retinal area over the period of development studied. Up until 16 WG, 
average field diameters (long axis) increased significantly, coinciding with a steady 
increase in retinal area. However, while retinal area increased steadily throughout 
gestation, average field diameters increased at a slower rate between 16 and 20 WG. 
Microglial Topography 
A minority of the positive cells observed at 10-13 WG were located 
superficially, and concentrated in the region of the optic disc (Fig. 4.10A). However, 
a marked increase in numbers of positive cells in the superficial plane was evident 
after 14 WG, with cells concentrating at and around the optic disc (Fig. 4.10B). By 
19-25 WG positive cells occurred superficially at most retinal locations although 
continuing to concentrate in the region surrounding the optic disc (Fig. 4.10C). In the 
middle plane at 10-13 WG, the majority of positive cells occurred in far peripheral 
retina (Fig. 4.11A); numbers of positive cells in the middle plane increased steadily 
as gestation progressed (Fig. 4.11B, C) and occurred at all retinal locations (except at 
the incipient fovea- see below) by 19-25 WG (Fig. 4.11C). In the deep plane 
positive cells were observed at the retinal margin and in the far retinal periphery at 
10-13 WG (Fig. 4.12A) and 14-18 WG (Fig. 4.12B), however, by 19-25 WG high 
densities of positive cells were distributed over the entire retinal area (except at the 
incipient fovea- see below) (Fig. 4.12A). 
Density Distributions 
Average densities of positive cells for all specimens analysed (n=20) are 
summarised in Table 4.1. Densities of MHC-II-positive cells were generally highest 
in the middle plane and lowest in the deep plane until approximately 18 WG. At 19-
25 WG densities of MHC-II-positive cells were highest in the deep plane and lowest 
in the middle plane. Densities of IDPase-positive cells showed similar trends to 
those of MHC-II-reacted specimens, although a degree of individual variability was 
evident (Table 4.1). 
Cell densities and distributions of MHC-II-positive cells are shown in maps 
representative of the ages studied; three maps representing each of the planes of 
positive cells are presented for five specimens (Figs. 4.13-4.17). Maps indicate a 
characteristic pattern of distribution within each plane of positive cells. Densities of 
MHC-II-positive cells at 10-13 WG (n=7) ranged from 1-99 cellsfmm2 superficially, 
1-94 cellsfmm2 in the middle plane and 1-87 cells/mm 2 in the deep plane. In the 10-
13 WG age group (Fig. 4.13) positive cells were most numerous in the middle and 
deep planes where they were concentrated in the temporal periphery and the retinal 
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Retinal area was estimated for all specimens analysed using 
immunogold histochemistry (n=16). A thirteen-fold increase in 
retinal area was evident over the period of development studied. 
Figure 4.10 Low magnification photomicrographs of MHC-11-positive 
microglia of the superficial plane in wholemounted foetal 
retinae at 10-13 WG (A), 14-18 WG (B) and 19-25 WG 
(C). In the superficial plane, positive cells were 
concentrated at and around the optic disc (to the left of 
each photomicrograph) and became more numerous with 
increasing gestational age. Scale bar = 200 !lffi. 

Figure 4.11 Low magnification photomicrographs of MHC-II-positive 
microglia of the middle plane in wholemounted foetal 
retinae at 10-13 WG (A), 14-18 WG (B) and 19-25 WG 
(C). In the middle plane, positive ce11s were concentrated 
at the retinal margin and the periphery during early 
gestation, and occurred at most retinal locations by 19-25 
WG. Positive cells became more ramified and more 
numerous with increasing gestational age. Scale bar = 200 
~m. 

Figure 4.12 Low magnification photomicrographs of MHC-11-positive 
microglia of the deep plane in wholemounted foetal 
retinae at 10-13 WG (A), 14-18 WG (B) and 19-25 WG 
(C). In the deep plane, positive cells were also 
concentrated primarily in the retinal periphery during 
early gestation, occurring at all retinal locations by 19-25 
WG. Positive cells became more numerous with 
increasing gestational age. Scale bar = 200 J.lm. 
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margin. In the superficial plane positive cells were relatively less numerous than in 
the other planes and were concentrated around the optic disc. The mean total number 
of positive cells per retina at 10-13 WG was 1191 ± 580. 
Table 4.1 Average Densities of Microglia 
(cells/mm2 ± SD) 
n Superficial Middle I Deep 
10-13 7 17 ± 14 22 ± 17 15 ± 23 
14-18 8 23 ± 11 32± 14 6±6 
12 1 12±4 16± 15 34± 19 
19 1 72±29 34±8 33 ±23 
In the 14-18 WG age group (n=8) densities of MHC-11-positive cells ranged 
from 1-204 cells/mm 2 in the superficial plane, 1-130 cells/mm 2 in the middle plane 
and 1-84 cells/mm2 in the deep plane. In most specimens at 14-18 WG, positive cells 
were present over the entire retinal area in all three planes (Figs. 4.14-4.16). In the 
deep plane these were concentrated at the retinal margin and periphery and in the 
vicinity of the incipient fovea. In the middle plane positive cells were more 
numerous in the periphery compared to the foveal and disc regions. In the superficial 
plane, positive cells were most numerous at the optic disc and in the surrounding 
regions, particularly extending superiorly and inferiorly from the disc. The mean 
total number of positive cells per retina at 14-18 WG was 5214 ± 3100. 
By mid-gestation (19-25 WG; n=3) positive cells were more evenly 
distributed in the deep (range, 5-211 cells/mm2) and middle planes (range, 1-238 
cells/mm 2) than was seen at earlier ages, there being no obvious concentrations of 
cells in peripheral compared to more central locations (Fig. 4.17). In the superficial 
plane, however, positive cells were most numerous in the regions superior and 
Figure 4.13 Densities and distributions of MHC-!1-positive cells in 
human foetal retina are illustrated in superficial, middle 
and deep planes at 12 WG. Densities of positive cells 
suggest characteristic distribution patterns within each 
plane. Cells are most numerous in the far periphery of the 
middle and deep planes, and less numerous superficially at 
the region of the optic disc. Dot size is proportional to cell 
density; density range is indicated to the side of each map. 
Within the outline for each specimen, the optic disc is 
indicated centrally by a closed circle, and the incipient 
fovea is marked by an asterisk. The orientation and scale 
for this specimen are also indicated. 
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Figure 4.14 Densities and distributions of MHC-II-positive cells in 
human foetal retina are illustrated in superficial, middle 
and deep planes at 14 WG (commencement of retinal 
vascularisation). Cells are most numerous superficially 
surrounding the optic disc, while continuing to 
concentrate primarily in the retinal periphery in the middle 
and deep planes. Map details as for Figure 4.13. 
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Figure 4.15 Densities and distributions of MHC-II-positive cells in 
human foetal retina are illustrated in superficial, middle 
and deep planes at 15 WG. The highest densities of 
positive cells occur in the superficial plane, at and around 
the optic disc; in the middle and deep planes microglia 
occur at most retinal locations although highest densities 
are evident in the retinal periphery and at the optic disc. 
Map details as for Figure 4.13. 
15WEEKS 
Middle 
6-84 cells I mm2 
Superficial 
1-153 cells I mm2 
Deep 
1-31 cells I mm2 
2mm TJ 
Figure 4.16 Densities and distributions of MHC-II-positive cells in 
human foetal retina are illustrated in superficial, middle 
and deep planes at 16 WG. By 16 WG (following the 
commencement of vascularisation) positive cells are most 
numerous superficially in the region surrounding the optic 
disc; in the middle and deep planes positive cells are 
evident at more central locations, although continuing to 
concentrate primarily in the retinal periphery. Map details 
as forFigure4.13. 
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Figure 4.17 Densities and distributions of MHC-II-positive cells in 
human foetal retina are illustrated in superficial, middle 
and deep planes at 20 WG. At 20 WG positive cells are 
present at all retinal locations; in the superficial plane 
positive cells continue to concentrate in the region 
surrounding the optic disc and in the middle and deep 
planes the highest densities of positive cells are apparent 
around the optic disc and in the temporal periphery. Map 
details as for Figure 4.13. 
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inferior to the optic disc, especially on the nasal side where there was a decreasing 
density gradient evident towards far peripheral retina; densities in the superficial 
plane ranged from 1-216 cellsfmm2. Low densities of positive cells were evident in 
superficial temporal retina and relatively few positive cells were apparent in 
superficial and middle planes overlying the cone mosaic (see below). The mean total 
number of positive cells at 20 WG was 21312 (n=l). 
Fovea centralis 
The incipient fovea was identified in each specimen by the underlying 
mosaic of differentiated cone somata (Fig. 4.18C, F). Few, if any, positive cells were 
observed in the superficial plane at the developing fovea (Fig. 4 .18A, D). In the 
younger specimens positive cells with a rounded morphology and short processes 
were more numerous in the deep and middle planes at the developing fovea, than in 
the immediately surrounding area (Fig. 4.18B, C). However, at the later stages 
examined, positive cells had a more dendritiform appearance and were concentrated 
in the region immediately surrounding the developing fovea with only a few cells 
evident in the central area (Fig. 4.18E, F). 
Involvement of microglia in phagocytosis 
Examination of semi-thin sections revealed both microglia and pyknotic 
profiles in peripheral retina (Fig. 4.19), however, in most cases associations between 
microglia and pyknotic profiles were not observed. This was also evident in the same 
specimens at the EM level (Fig. 4.20). In addition, qualitative observations indicated 
that numbers of pyknotic profiles were considerably higher than numbers of 
microglia in retinal sections. The densities of microglia (present study) and pyknotic 
profiles (data extracted from Provis, 1987) are compared in Figure 4 .21. While there 
was a tendency for total average microglial densities to increase with gestational age, 
the most significant increase occurring at 20-25 WG, the density of pyknotic profiles 
peaked at approximately 16-17 WG, declining rapidly after 20 WG. Up until 
approximately 20 WG pyknotic profiles were more numerous than microglia. 
Figure 4.18 Photomicrographs of the incipient fovea m retinal 
wholemounts reacted for MHC-11 reactivity at two 
representative ages, 14 WG (A, B, C) and 20 WG (D, E, 
F). Few microglia were apparent in the superficial plane at 
the developing fovea (A, D). MHC-11-positive microglia 
were identified in the middle (B, E) and deep (C, F) 
planes of focus of the same fields. The foveal cone mosaic 
(em) is illustrated for each retina (C, F). During early 
gestation microglia are concentrated at the incipient fovea 
(B, C), however, by 20 WG few microglia are present 
centrally at this location (E, F). Scale bar=200 Jlm (A-E); 
100 Jlm (F). 

Figure 4.19 Semi-thin section of MHC-II reacted retina at 20 WG 
(immunogold). Both microglia and pyknotic profiles 
(arrows) are evident in peripheral retina, however, 
associations between labelled microglia (unfilled arrow) 
and pyknotic profiles (arrows) are rare. Qualitative 
observations indicate that pyknotic profiles are present at 
higher densities than labelled microglial cells. V, vitreal 
surface; GCL, ganglion cell layer; INL, inner nuclear 
layer; ONL, outer nuclear layer. Scale bar=50 f..LID. 

Figure 4.20 Ultrathin sections of the same MHC-II reacted retina as 
shown in Fig. 4.19 (immunogold, 20 WG). At higher 
magnification pyknotic profiles (asterisks) did not appear 
to be associated with labelled cells. Scale bar=4 Jlm. 
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Figure 4.21 Average densities of microglia (present study) and pyknotic profiles 
(data excerpted from Provis, 1987) in human retinae at 10-24 WG. 
Average microglial densities (the sum of the average densities in the 
three planes) are presented for three age groups; 10-13 WG, 14-19 
WG and 20-25 WG. Error bars=standard deviations. Densities of 
pyknotic profiles represent data from individual specimens. Microglia 
are generally less numerous than pyknotic profiles up until 
approximately 21 WG and microglial numbers increase markedly after 
the cessation of cell death. 
Chapter 4. Development of Microglial Topography 76 
DISCUSSION 
It has been established previously that monoclonal antibodies against MHC-
11 antigens and IDPase histochemistry label cells of similar morphology in both adult 
and foetal human retinae (Penfold et al., 1993). In the present study, MHC-II 
immunoreactivity has proven to be the most reliable marker of microglia for the 
analysis of microglial distributions. MHC-11 reacted specimens were found to 
consistently withstand strong fixation. However, in contrast, microglia were not 
always intensely labelled using IDPase histochemistry. Similarly, MHC-11 
immunoreactivity is the most effective marker of LC in foetal cornea in which 
topographic analyses have also been carried out (Diaz-Araya et al., 1993b, 1995a). 
Comparison With Previous Studies 
Microglia have been identified in three planes corresponding approximately 
to the developing NFL/GCL border, IPL and OPL of the human foetal retina (present 
study). These results are generally consistent with the results of previous animal 
studies (Lopez Enriquez, 1926; Vrabec, 1970; Boycott and Hopkins, 1981; Ling, 
1982; Hume et al., 1983; Terubayashi et at., 1984; Sanyal and De Ruiter, 1985; 
Schnitzer, 1985 1988b, 1989; Linden et al., 1986; Boya et al ., 1987a; Ashwell, 1989; 
Ashwell et al., 1989) and adult human retina (L6pez Enriquez, 1926; Provis et al., 
1995b). In the adult retina, however, no microglia are seen deep in the OPL. Rather 
they extend only as deep as the INLIOPL border and do not populate the avascular 
regions of the retina (Provis et at., 1995b ). The observation of microglia in the 
developing OPL of human retina, therefore, appears to be a developmental feature 
which may resolve with maturation of the vasculature. 
In the present study the surface area of retinal specimens increased thirteen-
fold between 10-20 WG, consistent with a previous report (Provis et at ., 1985a). 
These results indicate that in human foetal retina both the total number and average 
density of MHC-II immunoreactive microglia increase steadily with gestational age, 
consistent with previous reports (Ashwell, 1989; Ashwell et al., 1989; Schnitzer, 
1989). An increase in average densities of MHC-11-positive cells indicates that 
microglia are not simply included pro rata in relation to an increase in retinal area. 
The patterns of microglial distributions detailed in the present study are distinct from 
those described previously for developing rat (Ashwell et al., 1989) and rabbit 
(Ashwell, 1989; Schnitzer, 1989) retinae. In the present study the majority of 
microglia were found to be distributed in three planes lying parallel to the retinal 
surface and the distribution of microglia within each plane was used as a variable in 
both quantitative and qualitative analyses. Therefore, the morphological 
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characteristics of microglia and the characteristic patterns of microglial distribution 
within each plane have been presented (Figs 4.12-4.16). These data provide detail 
which is masked when laminar location is removed as a variable. For example, when 
data obtained from counts in each plane are summed the resultant map shows a 
regular and even distribution of microglia across the retinal surface area and no 
peripheral or central concentrations of microglia are detectable. The sampling 
methods used in previous studies (Ashwell, 1989; Ashwell et al., 1989; Schnitzer, 
1989) similarly sum microglial numbers across the thickness of the retina, thereby 
obscuring any variations in microglial topography which may have been detected 
using the present technique. 
Microglia in developing human retina are less dense than in non-human 
retinae described previously. Estimates of average microglial density in developing 
rat retina range from 1235 microglialmm 2 at E 17 to 928 microglia/mm2 at P5 
(Ashwell et al., 1989). In rabbit retina, estimates range from 380 cells/nun 2 atE 14 to 
350 cellsfmm2 at E26 (Schnitzer. 1989) or 258 cells/mm 2 at P25 (Ashwell, 1989). 
By contrast. in developing human retina total average densities of microglia range 
from approximately 30 cells/mm2 at 10 WG to less than 150 cells/mm2 by 20-25 
WG. This difference is contrary to what might be predicted from the relative 
densities of neural elements in these species, since these are generally higher in 
human retina (Provis and Penfold, 1988) than in rat or rabbit. 
Morphology 
Microglia, displaying distinct morphologies, are evident in foetal retina from 
early in development ( 10 WG); both rounded and dendritiform cells are observed at 
the retinal margin and optic disc (Figs 4.5 and 4.10), two possible sources of ingress 
into the retina. 
Dendritiform (ramified) microglia are present throughout the human retina 
from the earliest stages studied (10 WG), but it remains to be established whether 
they arise as a result of transformation of rounded precursor cells. Previous workers 
have suggested that ramified microglia arise by progressive transformation from 
round to amoeboid, to pseudopodic, and finally to ramified forms during 
development (Cammermeyer, 1970; Imamoto and Leblond, 1978; Murabe and Sano, 
1982b; Boya et al., 1987a; Ashwell, 1989; Ashwell et al., 1989; Schnitzer, 1989). 
Supporting this, what may have been immature ramified microglia were observed in 
nasal compared with temporal retina. Topographic analyses indicate that temporal 
retina is populated with microglia ahead of nasal retina (see for example, Fig. 4.13); 
the different microglial morphologies seen in nasal versus temporal retina may 
reflect this developmental gradient. Similarly, there appears to be a developmental 
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gradient in the morphologies of microglia at specific locations. This is most striking 
at the incipient fovea where microglia are evidently more ramified in older 
specimens (Fig 4.18). 
Conversely, the presence of both rounded and ramified cells at the optic disc 
and peripheral margin of the retina at early gestational ages suggests that two distinct 
morphological types of cell migrate into the retina. Furthermore, population of the 
retina by two distinct cell types would be consistent with current views concerning 
the heterogeneity of microglia in both rat and human CNS (Graeber et al., 1989; 
Streit eta!., 1989; Hondaetal ., 1990; Penfold etal., 1991; Gehrmann etal. , 1993; 
Graeber, 1993; Penfold et al. , 1993; Streit and Graeber, L 993). An earlier 
histochemical and ultrastructural investigation of human foetal retinal vasculature 
has suggested that many of the rounded profiles present at the optic disc after 14 WG 
are MPS cells (Penfold et al., 1990). 
Other morphological variations evident in microglia in different laminae may 
be due to local structural variations. In particular, the elongated morphology of 
microglia in the superficial plane appears to be influenced by compression by, or 
adhesion to, the surrounding nerve fibre bundles. Similarly, the differences in 
morphology seen between middle and deep plane microglia may reflect local 
environmental influences. The regular spacing of microglial cells observed across 
the retinal area at each plane may well be determined by nearest neighbour effects 
between cells, which may inhibit crowding, thereby setting a limit to the overall 
population. However, evidence for this possibility has not been reported. 
Relationship to the Fovea Centralis 
Maps showing the distribution of microglia in the superficial plane indicate 
that during the period studied few microglia populate the inner retinal layers 
overlying the incipient fovea. In contrast, in the middle and deep planes many 
microglia overlay the cone mosaic, especially in the 10-13 and 14-18 WG age 
groups (Fig. 4.18). This distribution changes, however, as gestation progresses so 
that very few microglia are seen in the middle and deep planes overlying the cone 
mosaic in the 19-25 WG age group. This is consistent with the observation that the 
fovea of the adult retina is virtually devoid of microglia (Penfold et al., 1991). 
The aggregation of microglia in the middle and deep planes in the two 
younger age groups studied appears to be related to migrations associated with 
foveal development. For example, in the foveal region at around 16 WG (see Fig. 
4.16) there is a concentration of microglia in the deep plane. Microglia of the deep 
plane are in close contact with photoreceptor elements at this stage (probably up 
until the outer plexiform layer is well established, after 11 WG) and may be carried 
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centrally with the centripetal photoreceptor displacements which conunence early in 
gestation and result in the concentration of photoreceptors centrally (Diaz-Araya and 
Pro vis, 1992b ). By 20 WG there are few microglia apparent in the central fovea, 
most cells being distributed in the inunediately surrounding regions (Fig 4.18). This 
is consistent with observations indicating that formation of the foveal depression is 
due to the centrifugal migration of retinal elements (Hendrickson and Yuodelis, 
1984; Yuodelis and Hendrickson, 1986). The present results suggest that microglia, 
like other cells of the inner retina, are displaced from the central fovea during 
formation of the foveal depression from mid-gestation onwards. 
Relationship to Pyknotic Profiles 
Previous hypotheses have suggested that microglia are macrophages and are 
attracted into the retina by the products of natural cell death, which they 
subsequently phagocytose (Cammermeyer, 1970; Hume et al., 1983; Perry et al., 
1985). In mammalian retinae, the apoptotic wave passes from centre to periphery, 
shortly after the mitotic wave (for review see Provis and Penfold, 1988; Robinson, 
1991). In contrast, microglia in the human foetal retina are most numerous at the 
periphery of the developing retina during early gestation and become more 
numerous centrally as gestation progresses (present study). Furthermore, the present 
data indicate that microglia are present in human foetal retina at least 4 weeks prior 
to the onset of cell death at 14 WG (Provis, 1987). It has also been noted that in the 
developing rat retina the invasion by microglial precursors precedes the onset of 
natural cell death (Ashwell et al., 1989). These data, therefore, are inconsistent with 
reports which suggest that the regular distribution of resting microglia in mature 
mouse retinae may be due to the regular pattern of neuronal death and the 
involvement of macrophages (assumed to be microglial precursors) in the 
phagocytosis of pyknotic debris (Hume et a!., 1983 ). 
In the rat it has been reported that the number of microglial cells peaks 
during the period of naturally occurring cell death (Ashwell et al., 1989). Our 
analyses indicate, however, that microglial numbers continue to rise steadily beyond 
the peak period of cell death in human foetal retina (Fig. 4.21). Our data resembles 
that from the rabbit retina which also shows an increase in microglial numbers after 
the cessation of cell death (Schnitzer, 1989). Microglia and pyknotic profiles were 
rarely associated in the present study (Fig. 4.19-4.20) consistent with the observation 
that pyknotic cells of human foetal retina are phagocytosed by adjacent retinal cells 
(Penfold and Provis, 1986). Microglia in human foetal retina most probably 
participate in phagocytosis of dying neurones, however, the present study suggests 
that cell death is not a stimulus for microglial invasion. 
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Origin of Microglia 
Previous reports have described a centro-peripheral sequence of mammalian 
retinal maturation (Sidman, 1961; Donovan, 1966; Denham, 1967; Vogel, 1978; 
Johns et al., 1979; Rapaport and Stone, 1983), the incipient fovea being the focal 
point for the commencement of this process in the human (Mann, 1964; Hollenberg 
and Spira, 1972, 1973; Rhodes, 1979; Provis et al., 1985a). However, the changes in 
the development of microglial topography observed in the present study are not 
consistent with this maturation process. For example, while mitosis is occurring 
primarily in central retina during early gestation, microglia are concentrated in far 
peripheral retina with few microglia evident centrally. The present data therefore 
support the concept that microglia are not derived in situ from the neuroectoderm 
but migrate into the retina during early gestation (Ling, 1981 a; Hickey and Kimura, 
1988; Streit eta[., 1988; Ling and Wong, 1993; Theele and Streit, 1993). 
It has been suggested previously that microglia-like cells in the peripheral 
sub-retinal space (classified as "sub-retinal macrophages," Loeffler and 
McMenamin, 1990) may be a source of retinal microglial precursors and may enter 
the human retina during development. Supporting that data, small numbers of 
immunoreactive microglia were observed in the VL and ONZ of sections of human 
foetal retina. These cells were often observed to extend processes vertically through 
the ONZ to reach the developing IPL suggesting that deeply placed microglia may 
be slowly displaced vitreally to take up a final position at the INL/OPL border. 
However, the topographic analyses carried out in the present study indicate that the 
choroidal vasculature is not a significant source of retinal microglia and that the 
majority of microglia access the retina from other sources. 
Sources of invading microglia may be implied from the concentrations of 
microglia evident in the topographic maps presented in this study. Early in gestation 
microglia are preferentially distributed in the periphery, suggesting that most 
microglia that are present prior to the arrival of the vascular precursors gain entry to 
the retina from the pars caeca. This is supported by the observation that the pars 
caeca, but not the optic nerve head, is densely populated with microglia-like cells 
early in gestation (Figs. 4.5 and 4.13) and is consistent with a recent report 
suggesting that microglia-like cells (characterised as macrophages of haemopoietic 
lineage, Cuadros et al., 1993) migrate into the CNS of the avian embryo independent 
of vascularisation. Microglia become numerous in posterior (or central) regions, 
around the optic nerve head, only after the arrival of the vascular precursors (Figs. 
4.14-4.17) where they continue to increase in density, particularly in the superficial 
plane, as the vasculature becomes established. This is consistent with the observation 
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in the avian embryo that, following the initial invasion, additional microglia-like 
cells enter the CNS together with vascular buds (Cuadros et al., 1993). The 
persistence of microglia-like cells in the pars caeca following arrival of the 
vasculature (at around 14-15 WG) suggests that microglia continue to enter the 
retina from this source, along with the vascular source associated with the optic 
nerve head. However, the absence of peripheral concentrations beyond 20 WG and 
in the adult retina would indicate that fewer cells enter the retina from the peripheral 
margin after mid-gestation. 
There appear to be two sources by which microglia gain access to the retina; 
one via the peripheral margin, the second via the optic nerve head. Furthermore, the 
development of microglial topography occurs in two phases: an early phase, prior to 
vascularisation, and a late phase associated with development of the retinal 
vasculature. At early gestational ages microglia are evidently entering the peripheral 
retina from adjacent ocular structures, via the ciliary epithelium; it seems that prior 
to vascularisation the majority of microglia enter via this source. The evidence 
implies that microglia opportunistically invade the retina from a variety of vascular 
sources. Prior to retinal vascularisation, microglia appear to originate from the blood 
vessels of the developing ciliary body and iris. McMenamin and Loeffler ( 1990) 
have previously postulated that the ciliary body may be a source of sub-retinal 
macrophage-like cells. Post-vascularisation, however, microglia also appear to 
migrate into the retina via the optic nerve head, most likely originating from the 
invading retinal blood vessels. These patterns of development continue until at least 
25 WG in human foetal retina. 
CHAPTERS 
Ontogeny and Cellular Expression of 
MHC and Leucocyte Antigens 
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INTRODUCTION 
The expression of MHC, LCA (CD45) and macrophage antigens by 
microglia in the human CNS have been described in a number of studies (Esiri and 
McGee, 1986; Graeber et al., 1989, 1992; Graeber and Streit, 1990a; Honda et al., 
1990; Penfold et al., 1991, 1993, 1994; Diaz-Araya et al., 1993c, 1994; Gehrmann et 
al., 1993; Graeber, 1993; Provis et al., 1995b). Furthermore, microglia are now 
generally recognised to be a heterogeneous population of cells comprising both 
vessel-associated macrophages and parenchymal dendritiform cells (Graeber et al., 
1989; Graeber and Streit, 1990b; Honda et al., 1990; Lawson et al., 1990; Penfold et 
al., 1991; Gehrmann et al., 1993; Graeber, 1993; Streit and Graeber, 1993; Provis et 
al., 1995b). 
Recent studies have shown that microglia express a range of leucocyte 
antigens (Esiri and McGee, 1986; Graeber et al., 1989; Graeber and Streit, 1990a; 
Honda eta!., 1990; Penfold etal., 1991, 1994; Graeber eta!., 1992; Gehrmann eta/., 
1993; Graeber, 1993; Sedgwick et al., 1993; Diaz-Araya et al., 1994) and differences 
in immunoreactivity between parenchymal, non-vessel associated microglia and 
vessel-associated microglia have been detected in both the rat brain (Graeber et al., 
1989; Graeber and Streit, 1990b; Gehrmann and Kreutzberg, 1993) and the human 
brain and retina (Penfold et al ., 1991; Graeber et al., 1992; Graeber, 1993; Provis et 
al., 1995b). In the human adult retina, both vessel-associated and non-vessel 
associated microglia are immunoreactive for CD45, MHC-1 and MHC-II antigens, 
however, only vessel-associated microglia, principally of the paravascular type 
(Provis et al., 1995b) are immunoreactive for Mac S22 and CD68 antigens. In the 
human adult retina paravascular microglia lie entirely within the parenchyma and 
characteristically express Mac S22 antigen and more intense MHC class I and MHC 
class II immunoreactivity relative to non-vessel-associated parenchymal microglia 
(Provis et al., 1995b ). The para vascular microglia contribute to the structure of the 
glia limitans (Lassmann eta!., 1991; Gehrmann and Kreutzberg, 1993; Provis etal., 
1995b) and appear to comprise a distinct subpopulation of the 'parenchymal 
(ramified) microglia'. 
A number of studies have observed that microglia migrate into the retina 
during development (Ling, 1981a; Hickey and Kimura, 1988; Streit et al., 1988; 
Ling and Wong, 1993; Theele and Streit, 1993; Diaz-Araya et al., 1995c) and the 
development of microglial topographies has been studied in both animal (Ashwell, 
1989; Ashwell et al., 1989; Schnitzer, 1989) and human (Chapter 4; Diaz-Araya et 
a/., 1995c) retinae. The ontogeny of cells bearing leucocyte antigens in the human 
retina, however, has not been investigated previously. 
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This chapter investigates the relationship between antigenicity and ontogeny 
in microglia during development by applying antibodies against CD45, MHC-1, 
MHC-II and Mac S22 antigens to wholemounts of human foetal retinae. These data 
suggest that the microglia present in the retina prior to retinal vascularisation (see 
Chapter 4) are immunoreactive to CD45, MHC-1 and MHC-11, but are not 
immunoreactive to the Mac S22 antibody. Microglia immunoreactive for the Mac 
S22 antigen appear to enter the retina at the optic disc primarily in association with 
vascular precursors at about 14-15 WG. In contrast to previous reports (Abi-Hanna 
et al., 1988), the developing microglia and vasculature in retinal wholemounts were 
found to express MHC-1 antigens. 
MATERIALS AND METHODS 
Normal human foetal (n=50; 10-25 WG) and adult (n=7; 60-71 years of age) 
retinae and ciliary processes were processed using immunohistochemical techniques 
and visualised using immunofluorescence, avidin-biotin peroxidase or immunogold 
labelling for this part of the study. Expression of MHC-1, MHC-11, CD45, Mac S22, 
CD11c, CD68, Thy-1 and GFAP antigens in the developing retina was investigated. 
Reliability of labelling was determined by comparison with MHC-11 and CD45-
reacted adult retinal positive controls. Quantitative analyses of expression of CD45, 
MHC-1, MHC-II and Mac S22 antigens in retinae were made; CDllc and CD68-
reacted retinae were examined qualitatively for expression of these antigens. All 
procedures are detailed in Chapter 2. 
RESULTS 
Labelling of Microglia 
Consistent with previous chapters, immunogold labelling of retinal 
wholemounts was found to be the most sensitive and consistent technique; FITC and 
peroxidase labelled specimens were, however, used for qualitative assessment of 
spectmens. 
Labelled microglia were distributed in three planes which approximately 
corresponded to the developing NFLIGCL (superficial), IPL (middle) and OPL 
(deep) (see Chapter 4). Laminar distribution of positive cells was generally similar at 
all ages studied, however, regional variation was evident within each specimen. 
Laminar distribution of CD45, MHC-1- and MHC-II-positive cells was evident from 
10 WG. However, Mac S22-positive cells were detected in three planes only after 
14-15 WG. 
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Retinal microglia and in older specimens, intravascular leucocytes, were 
positively-labelled using antibodies to MHC-1, MHC-11, CD45, Mac S22, CDllc 
and CD68 antigens (Fig. 5.1). Antibodies to CD45, MHC-1, MHC-II, CDllc and 
CD68 antigens appeared to label similar populations of cells (Fig. 5.1A-C, E, F); 
these cells were intensely labelled and present across the retinal surface area from as 
early as 10 WG. A population of cells, first observed at 14 WG, was labelled using 
antibodies to Mac S22 antigen; these cells were intensely labelled in the region of 
the optic disc and less intensely labelled in the peripheral retina (Fig. 5.10). 
Differential intensity of expression of all antigens was observed in most specimens 
(see for example Fig. 5.1 C, D). 
In retinae used as positive controls, intensely labelled nerve fibres (Fig. 5.1 G) 
and less intensely labelled ganglion cells were identified using anti-Thy-1 antibody. 
Thy-1-positive nerve fibres were observed emanating from the site of the developing 
fovea in most specimens examined (not illustrated). Astrocytes were intensely 
labelled using anti-GFAP antibody (Fig. 5.1H), consistent with previous reports 
(Madigan et al., 1994), and MUller cell endfeet were also GFAP-positive in some 
regions (not illustrated). These specimens were also efficient controls of neuronal 
and macroglial elements, indicating that CD45, MHC-1, MHC-II and Mac S22-
labelled cells are not neurones, astrocytes or MUller cells. In adult retinae, microglia 
were also seen to express CD45 and MHC-11 antigens consistent with recent reports 
(Penfold et a[., 1993; Provis et al., 1995b). 
In addition to microglial immunoreactivity, antibodies to MHC-1 antigens 
labelled vascular endothelial cells (Fig. 5.2) which first appeared to be invading the 
retina at approximately 14-15 WG. Consistent with a previous report (Ashton, 1970), 
the invading mesoderm was first apparent in posterior retina (Fig. 5.2A), spreading 
into more peripheral locations as gestation progressed. In the vascularised regions of 
retinae in the 14- 18 WG and 19-25 WG age groups, both vessel-associated and 
parenchymal MHC-1-immunoreactive cells were evident in the superficial and 
middle planes of focus (Fig. 5.20). Consistent with the observation that there are no 
blood vessels in the developing outer retina, positive cells in the deep plane were all 
parenchymal (Fig. 5.2E). In temporal retina, the advancing mesoderm and 
differentiating microvessels were seen to circumvent the region immediately 
surrounding the developing fovea centralis (Fig. 5.3A); vascular organisation in the 
microvessels arising from the differentiating mesoderm inunediately surrounding the 
developing fovea was advanced compared with nasal regions (Fig. 5.3B). 
Furthermore, in adult and foetal retinae, both microglia and the vasculature 
were often labelled using antibodies directed against MHC-11 antigens allowing 
Figure 5.1 Photomicrographs of wholemounted human foetal retinae 
at 16 WG (B, E, F), 18 WG (C, G) and 20 WG (A, D, H). 
Microglia were labelled using monoclonal antibodies 
directed against human MHC-1 (A), MHC-II (B), CD45 
(C), Mac S22 (D), CDllc (E) and CD68 (F) antigens 
(immunogold histochemistry). Expression of MHC-1 
antigens was also detected on vascular elements from 14 
WG (A). Differential intensity of antigen expression was 
evident using all antibodies; some less-intensely labelled 
cells are indicated by unfilled arrows. Thy-1-positi ve 
nerve fibres (G) and GFAP-positive astrocytes (H) were 
intensely labelled in positive controls. BV, blood vessel. 
Scale bar= 50 j..tm (D); 100 j..tm (A, B, C, F, H); 200 j..tm 
(E, G). 
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Figure 5.2 Wholemounted human foetal retina at 20 WG reacted for 
MHC-1 reactivity using immunogold histochemistry. The 
invading vascular mesoderm is illustrated at the optic disc 
(A) and in the retinal periphery (B, C). Relatively few 
vascular-associated microglia are evident in the nasal 
region (C). Differential expression of MHC-1 antigens is 
evident on both dendritiform microglia and the leading 
edge of the retinal vascular mesoderm (C, D). Increased 
numbers of vascular-associated microglia were evident 
subsequent to further organisation of the retinal vessels 
(B). In vascularised regions, both vessel-associated and 
non-vessel associated microglia are evident in superficial 
and middle planes of focus (D). In the deep plane (in the 
same retinal field) all labelled cells were parenchymal, 
consistent with the observation that there are no blood 
vessels in the developing outer retina (E). ON, optic nerve 
head; B V, blood vessel; m, microvessels arising from 
differentiating mesoderm. Scale bar=lOO jlm (D, E); 200 
jlm (B); 400 jlm (A, C). 
_J 
.. 
# 
J\8 
... \ 
• 
j • \ ... .. 
,..,.~ ,. 
.,. 
~" \./ 
/ J 
... , 
"" 
'I 
Figure 5.3 A distinct relationship between the invading vasculature 
and the developing fovea was apparent at 20 WG (MHC-1, 
irnrnunogold histochemistry). The advancing vasculature 
was seen to circumvent the site of the developing fovea 
(A) and few positive cells were observed at and near the 
cone mosaic (em). At higher magnification, both vessel-
associated and non-vessel-associated microglia were 
observed surrounding the incipient fovea (B). m, 
differentiating mesoderm; BV, blood vessel. Scale 
bar=200 IJ.m (A); 100 IJ.m (B). 
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comparisons to be made with MHC-1-reacted retinae. Both vessel-associated 
(perivascular and paravascular) and non-vessel-associated (parenchymal-ramified) 
microglia were evident using anti-MHC-ll antibodies (Fig. 5.4). 
Cells expressing CD45, MHC-1, MHC-ll, COlle, CD68 and macrophage 
antigens displayed either ramified or rounded morphologies. Large ramified and 
rounded CD45 and MHC-positive cells were identified in the pars caeca, the 
bilayered ciliary epithelium (Krebs and Krebs, 1991) and the retinal margin from as 
early as 10 WG (Fig. 5.5A-C) and at the optic disc from 14 WG (Fig. 5.5E). No Mac 
S22-positive cells were seen in retinae in the 10-13 WG age group. Many rounded 
and some ramified Mac S22-positive cells were detected at the optic disc from 14 
WG (Fig. 5.50). Mac S22-positive cells of peripheral retina appeared distinctive in 
that they had fewer cell processes than CD45 and MHC-positive cells in similar 
locations at equivalent ages (see Fig. 5.1 ). The majority of CD lie-immunoreactive 
cells at 16 WG were rounded, however, small cells with short processes were also 
identified (see Fig. 5.1E). Cytoplasmic labelling of microglia by anti-CD68 revealed 
cells with similar morphologies to CD45 and MHC-positive cells, although 
cytoplasmic processes were generally not seen (see Fig. 5.1F). 
Cells expressing CD45, MHC-1, COlle, CD68 and macrophage antigens 
varied in morphology as a function of laminar placement within the retina, consistent 
with observations in MHC-11-reacted retinae (see Chapter 4). In superficial retina, 
CD45, MHC-1, CDllc, CD68 and Mac S22-immunoreactive cells had narrow cell 
bodies and long cell processes elongated parallel to the nerve fibre bundles; in the 
middle plane positively-labelled cells were large and ramified with several cell 
processes extending from a small oval cell body; in the deep plane positive cells 
were generally smaller, rounded and less extensively ramified than in the inner retina 
(see Fig. 4.5, Chapter 4). Generally, all positively-labelled cells became larger and 
more ramified as gestation progressed. 
Cell Numbers and Distributions 
Labelled cells within each of the three planes displayed characteristic 
patterns of distribution across the retinal surface area of all specimens, although 
differences were apparent in the distributions of CD45, MHC-1 and MHC-ll-positive 
cells compared with Mac S22-positive cells. In superficial retina at 10-13 WG, 
CD45 and MHC-1 and MHC-11-positive cells were present at the optic disc and 
surrounding retina (Fig. 5.6A), however, no Mac S22-positive cells were detected 
(Fig. 5.6B). By 14-20 WG, cells expressing CD45, MHC-1, MHC-11 and Mac S22 
antigens were present superficially at the optic nerve head and adjacent retina of all 
specimens examined (Fig. 5.6C-F). Similarly, in the middle and deep planes (Fig. 
Figure 5.4 MHC-II labelling of microglia and vascular elements in 
the human adult (A, 64 years) and foetal (B, 20 WG) 
retina. Both vessel-associated (perivascular and 
paravascular) and non-vessel-associated (parenchymal-
ramified) microglial cells were identified. Differential 
intensity of antigen expression by retinal microglia was 
observed in all specimens . Vessel-associated microglia 
were generally more intensely labelled than parenchymal 
microglia. gl, glia limitans; BV, blood vessel. Scale 
bar=50 Jlm. 

Figure 5.5 Microglia of both rounded (unfilled arrows) and 
dendritiform (solid arrows) morphologies were apparent, 
prior to retinal vascularisation, at the retinal margin (A, 10 
WG, MHC-1, immunogold) and pars caeca ( B , 14 WG, 
CD45; C, 14 WG, MHC-11, immunogold). Many rounded 
(unfilled arrows) and fewer dendritiform Mac S22-
positive cells were also apparent at the optic disc after 14 
WG (D, 15 WG). At early gestational ages rounded and 
dendritiform microglia were also identified at the optic 
disc of CD45 and MHC reacted retinae, and they were 
more numerous after 14 WG (E, 20 WG illustrated, MHC-
1, immunogold). rm, retinal margin; pc, pars caeca; R, 
retina; OD, optic disc. Scale bar=200 J..lm (A , B); 50 J..lm 
(C,D, E). 

Figure 5.6 Low magnification photomicrographs of labelled 
microglia in the superficial plane of wholemounted foetal 
retinae at 10-13 WG (pre-vascularisation) (A, B), 14-15 
WG (C, D) and 18-20 WG (E, F). MHC-ll (A) and CD45-
positive cells (C, E) are evident at the optic disc (OD) at 
all gestational ages. In contrast, no Mac S22-positive cells 
are apparent in the foetal retina at 10-13 WG (pre-
vascularisation) (B). Cells expressing Mac S22 antigens 
are first visible at the optic disc in conjunction with the 
developing vasculature after 14 WG (D, F ). As gestation 
progresses microglia in the superficial plane become more 
numerous at the optic disc, however, fewer Mac S22-
positive cells are seen than CD45 and MHC-1 and MHC-
ll-positive cells at similar ages. Scale bar = 200 ).lm. 
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5.7A-D) cells expressing CD45, MHC-1 and MHC-11 antigens were observed from 
10 WG and cells expressing Mac S22 antigen only after 14 WG. In all planes, at 
each gestational age, fewer Mac S22-positive cells were seen than CD45- and MHC-
1 and MHC-11-positive cells in equivalent regions. Qualitative assessment of four 
CD68-reacted retinae indicated similar numbers and distribution patterns of positive 
cells as those seen for CD45, MHC-1 and MHC-11 reacted retinae at similar ages. 
Examination of a 16 WG retina reacted for CD11c reactivity indicated more 
numerous positively-labelled cells in the retinal periphery and few positive cells at 
and around the optic disc. 
Average densities of CD45, MHC-1, MHC-11 and Mac S22-positive cells for 
all specimens analysed (n=32) are summarised in Table 5.1. Generally, the total 
numbers and average densities of all labelled cells increased in the 3 planes with 
increasing gestational age. Similar numbers and densities of CD45, MHC-1 and 
MHC-11-positive cells were evident in specimens at each gestational age, however, 
Mac S22-positive cells were approximately 10-40% of the total population of CD45 
and MHC-immunoreactive cells at 14-15 WG and 15-30% at 18 WG. 
Cell densities and distributions of MHC-positive and CD45-positive cells 
versus Mac S22-positive cells are compared in representative maps covering the 
range of ages studied. Three maps representing each of the planes of positive cells 
are presented for 10-12, 14-15 and 18-20 WG (Figure 5.8-5.10). These topographic 
maps indicated that distribution patterns of Mac S22-positive cells were different to 
those of CD45 and MHC-positive cells. 
At 10-13 WG (pre-vascularisation) densities of CD45 and MHC-positive 
cells ranged from 0-99 cellsfmm2 and total numbers per retina were estimated to 
range from 276-1783 cells. In the middle and deep planes cells expressing CD45 and 
MHC antigens were concentrated at the retinal margin and in the retinal periphery, 
while superficially, relatively low numbers of labelled cells were detected at the 
optic disc (Fig. 5.8). No Mac S22-positive cells were observed in retinae at 10-13 
WG (Fig. 5.8). 
At 14-17 WG (post-vascularisation) densities of CD45 and MHC-positive 
cells ranged from 0-204 cells/rnm 2 and total cell numbers were in the range of 2511-
12728 cells per retina. Mac S22-positive cells ranged in density from 0-114 
cellsfrnm2 and total numbers were in the range of 457-561 cells per retina. At 14-17 
WG CD45 and MHC-positive cells were most numerous in the superficial plane at 
the optic disc and surrounding regions. In the middle plane CD45 and MHC-positive 
cells were observed at more central locations, although continuing to concentrate in 
the retinal periphery (Fig. 5.9). In the deep plane CD45 and MHC-positive cells were 
Figure 5.7 Photomicrographs of wholemounted human foetal retinae 
at 19 WG (A, B) and 16 WG (C, D). In peripheral retina, 
Mac S22-positive cells of the middle (A) and deep (B) 
planes were always less numerous than MHC-11-positive 
microglia of the middle (C) and deep (D ) planes, 
consistent with observations in the superficial plane. Scale 
bar=200 flm. 
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Figure 5.8 Densities and distributions of MHC-1 versus Mac S22-positive cells in superficial, middle 
and deep planes in human foetal retina pre-vascularisation (10-12 WG). During early 
gestation MHC-1-positive microglia are most numerous in the far periphery of the middle 
and deep planes, and less numerous superficially at the region of the optic disc. In contrast, 
no Mac S22-positive cells are visible in the foetal retina in this age group. Dot size is 
proportional to cell density; density range is indicated to the side of each map. Within the 
outline for each specimen, the optic disc is indicated centrally by a closed circle, and the 
incipient fovea is marked by an asterisk. The orientation and scale for these specimens are 
also indicated. T, temporal; S, superior; I, inferior. 
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concentrated in the retinal periphery and at the optic disc (Fig. 5.9). In contrast, at 
14-17 WG, Mac S22-positive cells were concentrated at the optic disc and adjacent 
Table 5.1 Average Densities of Retinal Microglia 
Average Density (cells/mm2 ± SD) 
Age n Surface Superficial Middle Deep 
(WG) area (mm2) _plane _plane Plane 
Mae S22~.: k" 
,, :.~.:w>: . •. (::W. ~%" ·:;. t0' ;( -¥tt:5/. '. . ],~/ f i\;, :~ . 
. ' 
,., ,~ 1'· ·~!. ·. -.:;· -. 
' 
10-13 3 17.9 ± 6 0 0 0 
14-17 2 41.6± 18 5.8 +2 5.4+6 2.8±4 
18-25 I 95.9 1.7 4.1 2.0 
... --~ 
<' ; 
MHC-1 < -~ .. ,; __ , ·'·: . --~ ·: . ' -? 
-
10-13 2 30±21 5±5 9±3 8+7 
14-17 1 54.4 9 34 4 
18-25 1 106.9 19 22 6 
MBC·D! l 
~.,_,... '~ :·' r."V~!tJif;~ :;~-";,~....,.. . ;,~ .~~:i~2~.j< ' -:,;, ~.,... '~ .., ...... . < 
10-13 7 28.8± 16 17± 14 22+ 17 15 ±23 
14-18 8 91 ±40 23+ 11 32± 14 6±6 
19-25 3 1802 49±31 36± 15 65±9 
k' 
•· :':X ' • '"t ,,. cD4s ... ·. ~"- . : ·-~ ' ~. ' \ .,,._ ~~:" '~--;::-;'·>:: ~ · ~ £'}.!' < '""~\ ~ ...-t' "'~ ->;:-· . 
10-13 1 11.1 1 21 3 
14-17 1 69.6 55 42 8 
18-25 2 115.42 19±2 34±35 44±61 
I MHC-ll reacted retinae were prepared as part of Chapter 4 
2Retinal surface area was calculated for only one specimen in these age groups (Chapter 2, Analyses) 
areas in all planes (Fig. 5.9). Densities of Mac S22-positive cells were similar in all 
planes at these gestational ages (Fig. 5.9). 
At 18-25 WG densities of CD45 and MHC-positive cells ranged from 0-238 
cellsfmm2 and total numbers ranged from 3231-21312 cells per retina. Mac S22-
positive cells ranged from 0-40 cellsfmm2 and in one retina there was a total of 741 
cells. CD45 and MHC-positive cells were distributed over the entire retinal surface 
area in all planes at 18-25 WG (Figure 5.10). Superficially, CD45 and MHC-positive 
cells were concentrated in the nasal mid-periphery with a density gradient decreasing 
Figure 5.9 Densities and distributions of CD45 versus Mac S22-positive cells in human foetal retina are 
illustrated in superficial, middle and deep planes at 14-15 WG. CD45-positive cells are most 
numerous superficially in the region surrounding the optic disc; in the middle and deep 
planes positive cells are evident at more central locations, although continuing to concentrate 
primarily in the retinal periphery. Mac S22-positive cells are evident in conjunction with the 
arrival of the retinal vasculature after 14 WG. Mac S22-positive cells are concentrated in the 
region surrounding the optic disc and in the deep temporal periphery. No concentrations of 
Mac S22-positive cells are evident at the retinal margin. Map details as for Figure 5.8. 
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Figure 5.10 Densities and distributions of MHC-II verus Mac S22-positive cells in human foetal retina 
are illustrated in superficial, middle and deep planes at 18-20 WG. At 18-20 WG MHC-II-
positive cells are present at all retinal locations; in the superficial plane positive cells 
continue to concentrate in the nasal region surrounding the optic disc, while in the middle 
and deep planes the highest densities of positive cells are apparent around the optic disc and 
in the temporal periphery. Mac S22-positive cells are concentrated around the optic disc in 
the superficial plane, and in the temporal periphery in the middle and deep planes. Map 
details as for Figure 5.8. T, temporal; S, superior; N, nasal. 
18-20 WG 
MHC-11 
Middle 
Superficial 
1-36 cell/mm2 
Deep 
1-16 cell/mm2 
s 
Smm LT 
Mac S22 
Middle 
0-40 cell/mm 2 
Superficial 
0-19 ce1Vmm2 
~ C/~ Deep ~ 0-16 cell/mm 2 
(::~~ Smm N Ls 
Chapter 5. Ontogeny of Retinal MHC and Leucocyte Antigens 89 
towards peripheral retina. CD45 and MHC-positive cells of the middle and deep 
planes were concentrated in the temporal and peripheral retina (Fig. 5.10). In 
contrast, at 18 WG, Mac S22-positive cells were concentrated around the optic disc 
in the superficial plane and at more temporal and peripheral locations in the middle 
and deep planes. 
DISCUSSION 
Early investigations of expression of immune markers in human retinal 
frozen sections reported an absence of MHC-1 and MHC-II antigen expression on 
glial and neuronal elements (Daar et al., 1984a, 1984b; Lampson, 1987; Abi-Hanna 
et al., 1988). More recent studies in normal adult brain and retina flatmounts have, 
however, shown constitutive expression of MHC-11 by microglia (Gehrmann et al., 
1993; Penfold et al., 1993). Furthermore, we have recently reported MHC-1 
expression on endothelial cells and expression of MHC-1, along with MHC-II, CD45 
and macrophage antigens, on microglia in adult human retina (Penfold et al., 1991 ; 
Pro vis et al., 1995b ). The present study documents the ontogeny of cells expressing 
leucocyte antigens in human foetal retina. None of these antigens were detected on 
neuronal or macroglial elements. Retinal microglia were observed to be a 
heterogeneous population which expressed MHC-1, MHC-11, CD45, Mac S22, 
CD 11c, and CD68 antigens. Immunoreactive cells were ultrastructurally distinct 
from pericytes identified using antibody to smooth muscle actin (unpublished 
observation). In addition, the expression of MHC-1 antigens by vascular endothelial 
cells in developing human retina is described. 
MHC-1 and Mac 822 Expression 
The expression of MHC-1 antigens by microglia and endothelial cells 
illustrates the relationship between microglia and the developing vasculature. 
Although microglia and some vascular elements were often labelled using MHC-II 
and CD45 antibodies in both adult and foetal retinae (see Fig. 5.4), MHC-1 labelling 
of microglia and the vasculature was specific and consistent over the entire retinal 
area. A temporal avascular region, which included the site of the developing fovea, 
was identified in all specimens after 14 WG using the MHC-1 antibody, consistent 
with previous reports (Gariano et al., 1994). The vasculature of the foetal retina was 
first evident at the optic disc at 14 WG, consistent with previous descriptions 
(Ashton, 1970; Roth, 1977). Microglia expressing MHC-I antigens were seen 
through the retinal thickness and across the retina (Figs. 5.2 and 5.8) at all ages and 
in vascularised retinae, some microglia which were intensively immunoreactive for 
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MHC-I antigens, were seen closely associated with the developing vasculature. In 
normal adult and Alzheimer's retinae, vessel-associated parenchymal (paravascular) 
microglia have been shown, using optical densitometry, to express high levels of 
MHC-II antigens and are intensely immunoreactive to Mac S22 (Liew et al., 1994; 
Provis et al., 1995b ). It is possible, therefore, that cells intensely immunoreactive for 
MHC-I and MHC-II antigens in foetal retina (present study) are the precursors of the 
paravascular microglia. 
Mac S22-immunoreactive cells are detected in the foetal retina (present 
study) coincident with the appearance of the vasculature. Previous studies 
combining peroxidase histochemistry and EM observed that MPS cells accompany 
the developing retinal vasculature (Penfold et al., 1990). The association of Mac 
S22-immunoreactive cells with the developing vasculature observed in this study 
confirms those results and suggests that these cells may represent the vessel-
associated perivascular cells and paravascular microglia present in adult human 
retina (Provis et al., 1995b). Occasional immunoreactive intravascular leucocytes 
were also evident in the developing retinal vasculature (present study), however, 
whether these intravascular leucocytes are a source of vessel-associated microglia or 
whether the perivascular microglia migrate into the retina associated with the 
vascular mesoderm cannot be concluded from the present results. The present results 
also show that, as in adult retina (Pro vis et al., 1995b ), non-vessel associated 
(parenchymal, ramified) microglia are immunoreactive for MHC antigens and 
CD45, but not Mac S22 antigens. 
In contrast to the present findings, endothelial cells but not microglia have 
been reported to be immunoreactive for MHC-1 antigens in sections of human brain 
and retina (Abi-Hanna et al., 1988; Gehrmann et al., 1993). Consistent with the 
results of the present study, however, both amoeboid and ramified microglia have 
been reported to express MHC-1 antigens constitutively in the rat brain (Matsumoto 
and Fujiwara, 1986; Ling et al., 1991; Moffett and Paden, 1994). MHC-I expression 
may be more difficult to detect in frozen sections processed using peroxidase 
immunohistochemistry (Daar et al., 1984b; Abi-Hanna et al., 1988; Gehrmann et al., 
1993) and the use of wholemounted rather than sectioned tissue appears to facilitate 
the detection of antigen expression (Chapter 3; Diaz-Araya et al., 1995a; Provis et 
al., 1995b ). Furthermore, it appears that immunogold histochemistry, used in the 
present study, is a more sensitive technique than peroxidase histochemistry. In 
human foetal cornea, approximately 40% more immunoreactive elements were 
observed in specimens prepared using immunogold histochemistry than in 
specimens labelled using peroxidase histochemistry (Chapter 3; Diaz-Araya et al., 
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1995a). Finally, the constitutive expression of MHC antigens by human foetal retinal 
microglia reported in the present study is consistent with the recent observation that 
microglia express phenotypic characteristics in common with dendritic antigen-
presenting cells (Penfold et al., 1993). 
CD68 and CDllc Expression 
CD68 expression by foetal retinal microglia, observed in the present study, is 
consistent with observations in human foetal CNS dissociated cell cultures (Lee et 
al., 1992) and human adult brain (Esiri and McGee, 1986) and retina (Penfold et al. , 
1991). CD68 is a cytoplasmic marker and its expression has been reported to be 
specific to mononuclear phagocytes (monocytes and macrophages) in a variety of 
tissues (Erber, 1990; Ulvestad et al., 1994) and with myeloid precursors. However, 
other studies suggest that CD68 may not be specific for macrophages (Pulford et al., 
1990; Tsang and Chan, 1992; present study). A recent investigation has described 
CD68-positive cells as comprising a subpopulation of the CD45-positive microglial 
population in adult human retina (Penfold et al ., 1991). However, qualitative 
observations in the present study suggest that CD68-positive microglia are 
morphologically similar and may be present in similar numbers to the CD45, MHC-I 
and MHC-II populations at similar ages (see Fig. 5.1F). The possible expression of 
CD68 antigen by both macrophages and some retinal microglia (present study) is 
consistent with the observation that CD68 is a specific marker for resting microglia 
(Hulette et al., 1992). In addition, a recent study reported the expression of CD68 in 
granular cell neoplasms of different histogenesis, totally unrelated to the histiocytic 
lineage. These results provided support for the proposal that CD68 may be more 
properly viewed as a marker of lysosomes rather than cells of histiocytic derivation. 
Furthermore, CD68 has been shown to stain non-haemopoietic cells such as 
hepatocytes , renal glomeruli, renal tubules (Pulford et al., 1990) and 
neuroectodermally-derived human RPE cells (Elner et al., 1992). Further study of 
the specificity and distribution of CD68 antigen in the human foetal retina may help 
to resolve this issue. 
The CD 11 c molecule is another member of the human leucocyte 
differentiation antigen family and is reported to react with macrophages and 
peripheral blood monocytes (Hogg et al., 1986), although dendritic cells have also 
been reported to be CDllc-positive (Steinman, 1991). In the present study, 
examination of one CDllc-reacted retina, suggested that only a proportion of 
microglia express this antigen in the developing retina. Positive cells were relatively 
less numerous than CD45 and MHC-positive cells at similar ages. While Mac S22-
positive cells were associated with the invading vasculature from 14 WG, few 
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CDllc-positive cells were observed at the region of the optic disc at 16 WG. These 
preliminary observations indicate that CDllc may not be a reliable or specific 
marker of macrophages. However, until further studies are carried out, the exact 
nature of CD68 and CD lie-positive microglia and their distributions in the 
developing retina remains unresolved. 
Distributions of Microglia 
In the present study, retinal microglia expressing CD45, MHC-I and Mac 
S22 antigens were observed in a laminar distribution in the developing nerve fibre, 
inner plexiform and outer plexiform layers (superficial, middle and deep planes 
respectively) consistent with reports in developing animal (Boycott and Hopkins, 
1981; Ling, 1982; Hume et at., 1983; Terubayashi et al., 1984; Sanyal and De 
Ruiter, 1985; Linden et al., 1986; Boya et al., 1987a; Ashwell, 1989; Ashwell et al., 
1989; Schnitzer, 1989) and human (Chapter 4; Diaz-Araya et al. , 1995c) retinae. 
Total numbers and average densities of microglia expressing CD45, MHC-I and 
Mac S22 antigens increased steadily in all planes with increasing gestational age and 
average densities of CD45 and MHC-1-positive microglia were consistent with those 
reported for MHC-II-positive microglia in human foetal retinae (Chapter 4; Diaz-
Araya et al., 1995c) Densities of CD45, MHC-1 and MHC-II-positive microglia 
appeared similar at each gestational age suggesting that all three markers labelled a 
similar population of cells. In contrast, densities of Mac S22-positive microglia were 
considerably less. Mac S22-positive cells comprised 40% or less of the total CD45 
and MHC-immunoreactive population at comparable gestational ages. These data 
suggest that microglia in human foetal retina constitutively express CD45, MHC-I 
and MHC-11 antigens and that a subpopulation of microglia express Mac S22 
antigen. However, the possibility that Mac S22 antigen immunoreactive cells are an 
additional population, not immunoreactive for CD45 or MHC antigens, cannot be 
ruled out until double labelling experiments have been carried out. 
No close correlation was observed between morphology and antigenicity in 
the present study. Two distinct morphological forms ofCD45, MHC-1 and Mac S22-
positive cells were identified in all foetal retinae. Both dendritiform (ramified) and 
rounded cells expressing CD45 and MHC-l antigens were present in the foetal retina 
from as early as 10 WG (Fig. 5.5), while neither rounded nor dendritiform cells were 
observed expressing Mac S22 antigens prior to 14 WG. Many rounded and some 
dendritiform cells expressing Mac S22 antigen were, however, present in posterior 
retina after 14-15 W G. 
Population of the human foetal retina by two distinct microglial phenotypes 
is compatible with the concept of heterogeneity of microglia in both the rat and 
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human CNS (Graeber et al., 1989; Streit et al., 1989; Honda et al., 1990; Penfold et 
a!., 1991, 1993; Gehrmann et al., 1993; Graeber, 1993; Streit and Graeber, 1993). 
Distinct morphologic and antigenic subpopulations of microglia have been reported 
previously in the human foetal cervical spinal cord (Hutchins et al., 1990a) and brain 
(Hutchins et al., 1990b; Esiri et al., 1991). An earlier histochemical and 
ultrastructural investigation of human foetal retinal vasculature has suggested that 
many of the rounded profiles present at the optic disc after 14 WG are MPS cells 
(Penfold et al., 1990). Although the present study is consistent with this previous 
report, the results also suggest that CD45, MHC-I and MHC-II antigen-positive 
microglia, present prior to vascularisation, are not MPS cells, since they do not 
express Mac S22 antigens. Furthermore, the present observations support the view 
that dendritic morphology is not indicative of cell origin or function (Stingl, 1990; 
Diaz-Araya et al., 1995a; Chapter 3). Microglia of both rounded and dendritic 
morphologies are evident in human foetal retina labelled with CD45, MHC or Mac 
S22 antibodies, suggesting that both microglia and macrophages exhibit both 
dendritic and rounded morphologies. 
In the present study, the invading retinal vasculature was seen to circumvent 
the developing fovea at 20 WG and microglia were observed to be less numerous at 
this site than in the surrounding regions. Similar observations have been made in 
MHC-II reacted retinae (Chapter 4; Diaz-Araya et al., 1995c). The presence of low 
microglial numbers in central fovea is consistent with reports that indicate that the 
foveal depression is formed as a result of centrifugal migration of retinal elements 
(Hendrickson and Yuodelis, 1984; Yuodelis and Hendrickson, 1986). 
Ontogeny of Microglia 
CD45, MHC-I and MHC-II-positive microglia (Chapter 4; Diaz-Araya et al., 
1995c; present study) are present in the developing retina by 10 WG, independent of 
the retinal vasculature which first invades the human retina at around 14- 15 WG 
(Ashton, 1970). The topography of CD45 and MHC-I-positive microglia observed in 
the present study is consistent with that of MHC-II-positive microglia in human 
foetal retina (Chapter 4~ Diaz-Araya et al., l99Sc). In that study it was concluded 
that microglia enter the developing retina via two principal routes; one via the retinal 
margin, the second via the optic disc (Chapter 4; Diaz-Araya et al., 1995c). In the 
present study, the concentration of CD45 and MHC-positive microglia at the retinal 
margin during early gestation supports the proposal that there is an early migration 
of microglia into the retina, prior to vascularisation, in which the majority of 
microglia enter the retina via the retinal margin. This early invasion does not include 
Mac S22-immunoreactive cells. 
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The distribution of Mac S22-positive microglia across the retinal surface is 
distinct from that of CD45 and MHC-positive microglia. The migration of 
macrophages into the human retina appears to be associated with the arrival of the 
vascular precursors at approximately 14 WG. Topographic maps of Mac S22-
positive microglia indicate that macrophages enter the retina only via the optic disc, 
since peripheral concentrations of Mac S22-immunoreactive cells have not been 
observed. Upon entering the retina, Mac S22-immunoreactive cells appear to spread 
both across the retinal surface and into the deeper planes. The Mac S22-positive cells 
which accompany the invading vasculature appear to constitute a second wave of 
invading cells. These findings are consistent with reports that two waves of 
macrophage-like cells invade the avian CNS; one in advance of the vasculature, the 
second in conjunction with the CNS vasculature (Cuadros et al ., 1993). While CD45, 
MHC-1 and MHC-11 -positive microglia enter the retina via the retinal margin and 
optic disc both prior to and subsequent to vascularisation, Mac S22-positive 
microglia appear to enter the retina only in association with the vasculature and 
exclusively via the optic nerve head. A continued influx of CD45, MHC and Mac 
S22-positive microglia is apparent up to, and most likely beyond, 25 WG. 
Alternatively, the late appearance of Mac S22-positive microglia may be the 
result of Mac S22 antigen expression being 'switched on' at a later stage of 
development compared with CD45 and MHC antigen expression, although such an 
interpretation does not explain the distinct topography of Mac S22 cells, which are 
not seen to be concentrated in peripheral retina at any of the ages studied. Mac S22-
positive cells which arrive in the retina associated with the retinal vasculature at 14-
15 WG appear to have a distinct ontogeny from the parenchymal microglia present 
in the foetal retina prior to vascularisation. This is consistent with a recent report 
which suggests that morphologically distinct microglial populations (amoeboid and 
ramified microglia) in human foetal brain may have different origins (Hutchins et 
al., 1990b). 
Functional Implications 
Ramified microglia in the human adult retina have been reported to express 
phenotypic characteristics in common with DC of the human cornea (Penfold et al., 
1993; Diaz-Araya et al., 1995a). DC are distinct from MPS cells including 
macrophages having a more potent accessory cell function and constitutive 
expression of MHC antigens (Steinman and Nussenzweig, 1980). In addition, DC 
present antigen to naive T -cells and are reported to display lower levels of lysosomal 
enzymes (Wood et al., 1985) and limited phagocytic capacity, while MPS cells have 
a pronounced capacity for phagocytosis and present antigen only to primed T -cells 
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(King and Katz, 1990). Expression of adhesion molecules and receptors varies 
between DC and MPS cells (Steinman and Nussenzweig, 1980; King and Katz, 
1990). Furthermore, there are differences in the distribution of ion channels between 
microglia and macrophages (Kettenmann et al., 1990; Banati et al., 1991) which 
suggest that microglia and macrophages may have distinct lineages. Macrophages 
are characterised by the expression of CD45, MHC and macrophage antigens, while 
DC constitutively express CD45, MHC but not macrophage antigens. The present 
study suggests that macrophages represent up to 40% of the population of CD45, 
MHC-I and MHC-II-immunoreactive microglia in the developing human retina. The 
remaining population of MHC-11 and CD45-immunoreactive cells which do not 
express Mac S22 antigens may represent DC, consistent with observations in human 
foetal cornea, where both Langerhans cells (DC) and macrophages have been 
identified from 10 WG (Chapter 3; Diaz-Araya et al., 1995a). A number of groups 
have demonstrated that in skin, gut and lung, populations of both DC and 
macrophages co-exist, and that macrophages can suppress the antigen presenting 
functions of resident dendritic cells (Holt et al. , 1985; Pavli et al., 1993). In adult 
retina Mac S22-immunoreactive cells comprise approximately 10% of the CD45 and 
MHC immunoreactive population (Provis et al., 1995b). The higher percentage of 
Mac S22-positive microglia in developing human retina may imply an increased 
degree of suppression of immune capacity early in ocular ontogeny. In addition, 
macrophages may be more prevalent in the foetal retina due to their participation in 
the organisation of the developing vasculature; following establishment of the retinal 
vasculature, macrophages may decrease to levels seen in the adult retina. 
Furthermore, there may be a role for retinal macrophages in clearance of hyaloid 
elements during development. In the anterior segment, macrophages have been 
shown to be involved in the induction of apoptosis and clearance during regression 
of the pupillary membrane (Lang et al ., 1994 ). The functional capacities of these 
cells is currently being investigated. 
Morphological studies have demonstrated an association between microglia 
and the vasculature in the mature rat brain (Lassmann et al., 1991) and in the adult 
(Provis et al., 1995b) and foetal human retina (present study). In addition, an 
association between macrophages and the developing vasculature has been described 
in the human foetal retina (Penfold et al ., 1990). However, a functional role for both 
microglia and macrophages in regulation of the BBB/BRB during development and 
in the adult CNS is yet to be established. Presently, studies are underway examining 
the effects of conditioned media from cultured microglial cells on cultured vascular 
endothelial cells. The pathogenesis of many retinal diseases, such as diabetic 
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retinopathy, ROP and AIDS-related retinopathy, is related to breakdown of the BRB 
(Mandarino, 1992) and an understanding of the structural and functional relationship 
between immunocompetent cells and the vasculature may help in the understanding 
of many ocular diseases. 
CHAPTER6 
Distribution of MHC and Leucocyte Antigens 
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INTRODUCTION 
MHC antigens play a central role in the interaction of immunocompetent 
cells during an immune response, and ocular tissues are common sites for 
autoimmune inflammatory diseases. In the last decade, much interest has been 
focussed on the association between certain MHC antigens and disease susceptibility 
(Svejgaard et al., 1983). MHC antigens have been implicated in certain ocular 
conditions including retinitis pigmentosa (Detrick et al., 1986), uveitis (Chan et al., 
1986a) and diabetic retinopathy (Baudouin et al., 1988b; Mandarino, 1992), and 
studies of the distribution of these antigens in ocular tissues may help in the 
understanding of the pathogenesis of many ocular diseases. Although a number of 
studies have examined the distribution of MHC and some leucocyte antigens 
throughout the human CNS, including the eye (Oaar et al., 1984a, 1984b; Bakker 
and IGjlstra, 1985; Bakker et al., 1986; Abi-Hanna et al ., 1988; Baudouin et al., 
1988a), the majority of investigations have concentrated on the cornea (Fujikawa et 
al., 1982; Daar et al. , 1984a, 1984b; Treseler et al., 1984; Whitsett and Stulting, 
1984; Pels and van der Gaag, 1985; Pepose et al ., 1985; Diaz-Araya et al ., 1995a). 
The precise distribution and identity of cells expressing these antigens in most 
human ocular tissues, other than the cornea, is yet to be fully resolved. In addition, 
the presence and distribution of cells expressing MHC and leucocyte antigens in the 
developing human eye is yet to be established. 
The aim of this chapter is to survey human foetal ocular tissues and non-
ocular tissues (skin) for populations of leucocyte antigen-bearing cells. The in situ 
cellular immunoreactivity for MHC and other leucocyte antigens in these tissues is 
described and samples of human foetal skin are included for qualitative comparisons. 
This chapter aims to compare the phenotypic characteristics of leucocyte lineage 
cells in these tissues with those of cells identified previously in the retina (Chapters 4 
and 5) and cornea (Chapter 3). 
MATERIALS AND METHODS 
Normal human foetal eyes (n=48; 10-25 WG) and skin (n=6; 12-19 WG) 
were processed using enzyme histochemistry or immunohistochemical techniques 
and visualised using immunofluoresecence, avidin-biotin peroxidase or immunogold 
labelling. Expression of MHC-1, MHC-11, CD45, Mac S22, CD68, S-100 and COlle 
antigens were investigated in flatmounts of skin, cornea, choroid, RPE, iris, sclera, 
extra ocular muscle (EOM) and retina (posterior hyaloid) and in frozen sections of 
optic nerve. Thy-1 molecule is a member of the lg superfamily (Williams, 1984; 
• 
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Hunkapiller and Hood, 1986) and is used as a positive control in skin and cornea. 
Corneas and conjunctivum were also tested for IDPase reactivity in 2 foetal 
specimens. All procedures, including control experiments, were carried out as 
detailed in Chapter 2. 
RESULTS 
Similar patterns of staining were observed for all specimens studied, with no 
correlation evident between gestational age and intensity or distribution of the 
reactivity. Immunogold labelling gave superior results compared with peroxidase, 
consistent with observations in human foetal cornea and retina (see Chapters 3, 4, 5; 
Diaz-Araya et al., 1995a). Staining characteristics of all tissues studied are 
summarised in Table 6.1. 
Table 6.1 Intensity of Labelling 
Marker Cornea Choroid RPE Iris Hyaloid Optic Scleral 
nerve EOM 
CD45 +++ +++ - +++ +++ ++ ++ 
MHC-1 +++ ++ - ++ +++ nt nt 
MHC-11 +++1 +++ - +++ +++ ++ ++ 
MacS22 +++1 +++ - ++ ++ nt nt 
CD68 + ++ - Ill ++ nt nt 
S-100 ± ± 
- nt nt nt nt 
CDllc nt nt nt nt nt nt nt 
Thy-l ++ nt nt nt nt nt nt 
1 results from Chapter 3; (Diaz-Araya et al., 1995a) 
* Qualitative Scale: -negative, ± variable, + weak,++ positive,+++ strongly positive, 
nt, not tested 
Skin 
+++ 
+ 
+++ 
+++ 
++ 
+ 
± 
++ 
Positive controls of human foetal skin and cornea showed consistent and 
intense labelling using an antibody directed against the Thy-l antigen, thus 
confirming the efficacy of the immunohistochemical techniques used. Thy-1-
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positive nerve fibres were observed in all flatmounted skin and corneal positive 
controls, consistent with reports in other tissues (Crawford and Barton, 1986). 
Skin 
Cells immunoreactive for CD45, MHC-I, MHC-II, Mac S22, CD68, CDllc 
and S-100 antigens were detected in human foetal skin at 12-19 WG (Fig. 6.1 ). Both 
dendritiform (Fig. 6.1A) and rounded (Fig. 6.1E) positive cells were distributed 
throughout the thickness of the skin (epidermis and dermis) and across the surface of 
flatmounts in a tangential plane. Rounded cells tended to be more numerous in the 
dermis compared with the epidermis. Intense labelling was observed using 
antibodies against CD45, MHC-II and Mac S22 antigens (Fig. 6.1A, B, D, E), while 
immunoreactivity for MHC-1, S-100 (Fig. 6.1C, F), CD68 and CDllc antigens was 
poor in foetal skin. MHC-I expression was noted on vascular elements present in the 
dermis. There appeared to be similar numbers of CD45 and MHC-II-positive cells in 
the epidermis at similar gestational ages, although, in deeper dermal regions CD45-
positive cells appeared more numerous than those labelled using MHC-II. In 
contrast, MHC-I, Mac S22, S-100 (Fig. 6.1 C, F) and CD68-positive cells were 
qualitatively less numerous than in CD45 and MHC-II reacted tissue from the same 
specimens. 
Cornea 
Vascular elements at the limbus and conjuctiva were positively labelled with 
anti-MHC-I and IDPase histochemistry (not illustrated). IDPase reactive cells (not 
illustrated) and positively-labelled cells immunoreactive for all antibodies tested 
were seen in the corneal epithelium (Fig. 6.2A-C) and throughout the stroma. No 
reactivity was observed on keratocytes. CD68-positive cells displayed cytoplasmic 
staining (Fig. 6.2C) rather than cell surface staining as seen with the other antibodies 
and S-1 00 immunoreactivity was low and inconsistent (not illustrated). Positive 
dendritiform and rounded cells were distributed across the entire corneal area and 
appeared to be more numerous in central compared with peripheral cornea for all 
antigens. CD45, MHC-I and CD68-positive cells appeared to be present in similar 
numbers in the cornea at comparable gestational ages. Cells immunoreactive for all 
of the listed antigens and displaying positive IDPase reactivity were also present at 
the limbus and conjunctiva of all specimens studied. In corneal positive controls, 
Thy-1-positive nerve fibres were distributed throughout the corneal thickness and 
over the entire corneal surface (Fig. 6.2D). 
Figure 6.1 Flatmounted human foetal skin at 15 WG prepared using 
immunogold histochemistry. Dendritiform and rounded 
cells expressing CD45 (A, B), MHC-1 (C), MHC-II (D), 
Mac S22 (E), S-100 (F) and CD68 (not illustrated) 
antigens were observed in all specimens studied, 
exhibiting a regular distribution across the surface. BY, 
blood vessel; Ep, epidermis. Scale bar=lOO 1-1m (A); 200 
1-1m (B-F). 
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Figure 6.2 Wholemounted human foetal cornea at 18 WG (C), 19 
WG (D) and 20 WG (A , B) prepared using immunogold 
histochemistry. Expression of CD45 (A), MHC-I (8) and 
CD68 (C) antigens is illustrated in the corneal epithelium. 
Positively-labelled cells were dendritiform or rounded in 
morphology and were also detected in the mid and 
posterior stroma (not illustrated). Thy-1 antigen was 
expressed exclusively by corneal nerve fibres (D). Scale 
bar=200 Jlffi. 
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Choroid and RPE 
Cells immunoreactive for CD45, MHC-I, MHC-11, Mac S22 and CD68 
antigens were consistently labelled in all choroidal flatmounts studied at 14-20 WG 
(Fig. 6.3), however, S-100 antigen labelling was low or absent. All labelled cells had 
dendritiform or rounded morphologies (Fig. 6.3A) and were present in many planes 
of focus through the thickness of choroidal flatmounts. In addition, many vessel-
associated and non-vessel-associated positive cells were identified. Differential 
intensity of antigen expression was observed in all specimens, consistent with 
observations in foetal retina (see Chapter 5). In specimens which had not been pre-
treated with a H202ffBS solution, red blood cells in the choroidal vasculature were 
distinct (Fig. 6.3F). RPE, which in some regions remained attached to choroidal 
flatmounts, showed no positive reactivity using any of the markers tested 
(immunofluorescence histochemistry), consistent with the absence of staining seen 
in adult RPE (Chan et al., 1986b; Detrick et al., 1986). 
Iris and Hyaloid 
Cells immunoreactive for CD45, MHC-I, MHC-11 and Mac S22 antigens 
were seen in the posterior region of the iris, the bilayered iris epithelium, at 10-25 
WG (Fig. 6.4A, B). Positive cells were rounded with short processes and some 
dendritiform cells were also identified. Labelled cells were most easily visualised 
using immunofluorescence. Furthermore, positively labelled cells appeared 
continuous with cells expressing CD45, MHC-I, MHC-11 and Mac S22 antigens 
medial to the iris in blood vessels of the pupillary membrane (Fig. 6.4C, D). 
The posterior portion of the hyaloid artery remained intact at the optic nerve 
head in many retinal wholemounts allowing qualitative examinations to be made. 
Many cells in the hyaloid were immunoreactive for CD45, MHC-I (Fig. 6.4E), 
MHC-11 (Fig. 6.4F), Mac S22 and CD68 antigens from as early as 10 WG. Positive 
cells were primarily of dendritiform and rounded forms (Fig. 6.4F). However, a few 
negative controls showed positive staining of some cells in the hyaloid, indicating 
that a degree of non-specific staining occured in many hyaloid peparations. 
Sclera, Extra Ocular Muscle and Optic Nerve 
Few cells immunoreactive for CD45 and MHC-11 antigens were detected in 
foetal sclera at 15-20 WG and in extra ocular muscle at 17 WG (not illustrated); 
positively-labelled cells had elongated or rounded morphologies. In extra ocular 
muscle, positive cells were oriented parallel to the muscle fibes. Frozen sections of 
foetal optic nerve at 17- 19 WG revealed both CD45 and MHC-11-positive cells 
through the cross-sectioned nerve and in the outer tissues. 
Figure 6.3 Photomicrographs of human foetal choroidal flatmounts at 
19-20 WG prepared using immunogold histochemistry. 
Dendritiform and rounded cells were found to express 
various antigens, including CD45 (A, C), MHC-II (B, D, 
F) and CD68 (E). Choroidal tissues in A-E were pre-
treated in H202ffBS solution to minimise background 
staining and to eliminate endogenous peroxidase activity. 
Specimens which were not pre-incubated displayed 
distinct labelling of red blood cells and non-specific, 
labelling of the choroidal vasculature (F). BV, blood 
vessel. Scale bar=lOO f..Lm (A, B); 200 f..Lm (C-F). 
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Figure 6.4 Flatmounted iris and posterior retina were reacted using 
immunofluorescence and irnrnunogold histochemistry at 
17 WG (B) and 19-20 WG (A, C-F). MHC-II-positive 
cells (arrowheads) were present on the posterior part of 
the iris (I): in the bilayered iris epithelium (A , B ), the 
pupillary membrane and the anterior part of the tunica 
vasculosa lentis (TVL) (C, D). Similarly, MHC-I-positive 
(E) and MHC-II-positive (F) cells were apparent in the 
posterior portion of the hyaloid artery. All positive cells of 
iris and hyaloid were dendritiform or rounded in 
morphology, consistent with observations in other ocular 
tissues and skin. Scale bar=50 ~m (D); 100 ~m (A , B, F); 
200 ~m (C, E). 
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DISCUSSION 
In the present study, cells immunoreactive for a variety of leucocyte antigens 
have been identified in wholemounts of human foetal skin, cornea, choroid, iris, 
hyaloid, sclera, extra ocular muscle and in sections of optic nerve. MHC-I-positive 
vascular elements were observed in the foetal dermis, conjunctivum, choroid, iris, 
and hyaloid consistent with observations in human adult ocular tissues (Abi-Hanna 
et al., 1988). Additional populations of ramified and rounded MHC-I and MHC-II-
positive cells were also seen scattered throughout the foetal skin and most ocular 
tissues. 
Antibodies tested were found to label cells in both the epidermis and the 
dermis of all specimens studied. Only one other study has described CD45, MHC-II 
and CD lie-positive 'LC-like' cells in the adult dermis (Stingl, 1990). The novel 
detection of labelled cells in both the epidermis and dermis, and the consistency of 
labelling using MHC and leucocyte antibodies observed in the present study are 
most likely due to the greater sensitivity acheived using immunogold histochemistry 
compared with more commonly used immunofluorescence and peroxidase 
procedures. Labelled cells observed in the dermis may also include leucocytes other 
than LC. 
The expression of CD45 and MHC antigens by LC in human adult epidermis 
has been described previously (Rowden, 1980; Bronstein et al., 1983; Daar et al., 
1984a, 1984b; Dezutter-Dambuyant et al., 1984; Flotte et al., 1984; Wood et al., 
1984; De Panfilis et al., 1988; Gielen et al., 1988; Romani et al., 1989, 1991; 
Halliday et al., 1990; Stingl, 1990; Teunissen, 1992; Breathnach, 1993; Mieke 
Mommaas et al., 1995) and in the developing human epidermis MHC-II-positive LC 
have been reported to be present by 6-7 WG (Foster et al., 1986). The present data 
indicates that, in addition Mac S22-immunoreactivity is present on a small 
population of cells in normal human foetal skin. The MHC-I, CD45, CD68 and S-
100-immunoreactive cells seen throughout the foetal corneal epithelium and stroma 
are almost certainly the same population as those described in Chapter 3. In human 
adult cornea LC are also immunoreactive for CD45 and MHC-I antigens (Mayer et 
al., 1983) and limbal vascular endothelial cells are MHC-I-postive (Fujikawa et al., 
1982; Treseler et al., 1984). In contrast to previous reports (Treseler et al., 1984; 
Whitsett and Stulting, 1984; Pels and van der Gaag, 1985; Pepose et al., 1985), 
however, keratocytes and corneal epithelium were not immunoreactive for MHC-I in 
the present study. 
Contrary to previous studies of the mature epidermis (Romani et al., 1991; 
Teunissen, 1992), in the present study strong CD68 and Mac S22 immunoreactivity 
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was observed on cells in foetal skin. Qualitative examinations suggest increased 
numbers of CD68-positive cells compared with Mac S22-positive macrophages in 
most ocular tissues and skin, consistent with results in the foetal retina and in 
agreement with the notion that CD68 may not be a specific macrophage marker 
(Pulford et al., 1990; Tsang and Chan, 1992; Chapter 5) as previously reported (Esiri 
and McGee, 1986). Immunoreactivity for CD11c antigen was found to be variable in 
human foetal skin and ocular tissues, consistent with observations in adult epidermis 
(Stingl, 1990; Romani et al., 1991; Teunissen, 1992). Epidermal LC have been 
previously identified by their immunoreactivity for S-100 protein (Cocchia et al., 
1981; Nakajima et al., 1982), a group of small Ca 2+ -binding proteins which are 
present in most cell types exhibiting a dendritic shape, including astrocytes (Kondo 
et al., 1984 ), but which appear not to be present in monocytes or macrophages 
(Romani et al., 1991; Teunissen, 1992). Cells expressing S-100 antigen have been 
reported to function as antigen-presenting cells (Kerrebijn et al., 1994) and may 
therefore include DC. Although S-100 immunoreactivity was low or absent on most 
ocular tissues and skin in the present study, this may not indicate a lack of S-1 00 
immunoreactivity in these tissues, but rather may be related to sub-optimal fixation 
conditions for this protein. 
Identification of cells immunoreactive for leucocyte, MHC and macrophage 
antigens in the human foetal choroid, iris, sclera and extra ocular muscle (present 
study) is consistent with previous observations of MHC-II-positive cells in these 
same tissues in the human adult eye (Bakker and Kijlstra, 1985; Bakker et al., 1986; 
Lynch et al., 1987; Abi-Hanna et al., 1988; Baudouin et al. , 1988a; Schmidt et al., 
1993; McMenamin et al., 1994). The primate optic nerve includes a supporting glial 
framework consisting of both astrocytes and microglia (L6pez Enriquez, 1926; 
Hayreh and Vrabec, 1966). In the present study MHC-11 and CD45-positive 
microglia, distributed amongst the nerve fibres throughout the developing optic 
nerve, differed from retinal microglia (see Chapters 4 and 5) in that their cell nuclei 
were irregular, elongated or piriform in shape, consistent with previous observations 
(L6pez Enriquez, 1926). 
Comparison with Human Foetal Retinal Microglia 
Survey of immunoreactive cells in all tissues studied indicates that similar 
populations of cells are immunoreactive for CD45, MHC-1 and MHC-II. These data 
are consistent with data obtained from the human foetal retina (Chapter 5; Diaz-
Araya et al., 1995b). Relatively fewer cells, however, were found to express Mac 
S22, CD11c and S-100 antigens in each tissue at comparable gestational ages. The 
results suggest, therefore, that Mac S22-positive macrophages comprise a 
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subpopulation of the total population of MHC and CD45-positive cells present in 
foetal skin and ocular tissues, consistent with observations in foetal retina and 
cornea (Chapters 3, 5; Diaz-Araya et al., 1995a, 1995b). Furthermore, in agreement 
with observations in the human foetal retina (Chapter 5; Diaz-Araya et al., 1995b), 
both dendritiform and rounded cells expressed all leucocyte, MHC and macrophage 
antigens tested in the present study, demonstrating no close correlation between 
morphology and antigenicity. 
Population of the human foetal skin and ocular structures by a heterogeneous 
population of MHC and leucocyte antigen immunoreactive cells is compatible with 
observations in spleen, bone marrow, thymus, lymph node, liver, brain, lung, kidney, 
colon and skin (Holt et al., 1985; Wood et al., 1985; Franklin et al., 1986; Poulter et 
al., 1986; Brooks and Moore, 1988; Matyszak et al., 1992; Pavli et al., 1993). 
Heterogeneous populations of resident DC and macrophages have also been reported 
in the rat ciliary body, iris (McMenamin et al., 1992) and choroid (Forrester et al., 
1994), in mouse ciliary body (McMenamin et al., 1994) and iris (Knisely et al., 
1991; McMenamin et al., 1994) and in human adult ciliary body, iris (McMenamin 
et at., 1994) and retina (Penfold et al., 1991, 1993) and foetal retina and cornea 
(Chapters 3, 5; Diaz-Araya et al., 1995a, 1995b). The presence of DC and 
macrophages in the hyaloid artery indicates this as a likely source of resident 
leucocytes for many ocular tissues during early development. 
The present results demonstrate that cells which resemble retinal microglia 
(Chapter 4; Diaz-Araya et al., 1995c) and which are immunoreactive to the same 
panel of leucocyte and MHC markers as retinal microglia (Chapter 5; Diaz-Araya et 
al., 1995b) are present in most human foetal ocular tissues and in foetal skin from 
early stages of gestation. These results imply that foetal ocular tissues, including 
retina, are populated by migrating leucocytes during early development and suggest 
that microglia are phenotypically similar to, or at least on a continuum with, 
leucocyte and MHC-II antigen-expressing cells of non-neural tissues. 
CHAPTER7 
Cellular Expression of MHC and Leucocyte 
Antigens in Rodent Ocular Tissues; 
A Comparative Study 
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INTRODUCTION 
Intrinsic problems associated with the collection of normal and pathological 
human specimens have led most investigators to use animal tissues in the study of 
CNS and ocular diseases (Hickey and Kimura, 1987; Vass and Lassmann, 1990; 
Mandarino, 1992; Forrester et al., 1994). Animal models of ocular disease have 
proved to be difficult to work with and recent studies have consequently focussed on 
developing alternative in vitro models (Greenwood, 1991). However, over recent 
years it has become clear that the use of a variety of animal species for in vitro 
animal models has inherent problems. Many experiments, in subsequent studies, 
have been found to not be repeatable and these animal models have often been found 
to respond differently to human cells, thus making comparison of findings from a 
variety of animal species problematic. Comparative in vivo studies of normal human 
versus animal ocular tissues are essential if the validity and applicability of animal 
models for the study of human ocular neurobiology and disease is to be resolved. 
While CD45 antigens are expressed by all cells originating from bone 
marrow (leucocytes), expression of MHC antigens is associated with antigen 
presentation and promotion of immune responses. MHC antigens are also thought to 
be involved in the pathogenesis of many ocular pathologies (Chan et al., 1986a; 
Detrick et al., 1986; Baudouin et al., 1988b; Mandarino, 1992). For example 
aberrant expression of MHC-II antigens by the RPE in retinitis pigmentosa (Detrick 
et al., 1986) or uveitis (Chan et al., 1986a), and the pigmented epithelial cells of the 
pars plana in proliferative diabetic retinopathy (Baudouin et al., 1988b) suggest that 
auto-immune disturbance may occur in many pathological conditions. Furthermore, 
microglia form a network of immune competent cells in the CNS and are activated 
under a number of pathological conditions (Graeber et al., 1988a; McGeer et al., 
1988; Streit et al ., 1988; Gendelman et al., 1989; Rieske et al ., 1989). 
The expression of various antigens such as F4/80, Fe receptor, LCA, CD4 
and lectin and enzyme markers by microglia has been described in the mouse and rat 
brain (Perry and Gordon, 1991; Perry et al., 1993). Recent investigations have 
examined the expression of MHC antigens in both the normal rat (Sedgwick et al., 
1991, 1993; McMenamin and Holthouse, 1992; McMenamin et al., 1992, 1994) and 
mouse (Wang et al., 1987; Knisely et al., 1991; McMenamin et al., 1994) eye. In 
addition, the expression of MHC antigens has also been reported in the diseased rat 
CNS (Hickey and Kimura, 1987). In the normal postnatal rat brain, amoeboid 
microglia are intensely immunoreactive for OX-1 (CD45), OX-18 (MHC-I) (Ling et 
al., 1991) and OX-42 (Ling et al., 1990) antigens. Some cells in the rat CNS, 
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including monocytes, perivascular DC and few parenchymal microglia, have been 
reported to constitutively express MHC antigens in normal animals, particularly in 
the lumbar spinal cord and the cerebellar white matter (Vass and Lassmann, 1990). 
However, despite recent descriptions of MHC-II antigen immunoreactivity by 
microglia in normal human CNS (Gehrmann et al., 1993; Penfold et al., 1993 ), 
MHC-11-positive cells have not been detected in situ in normal rat and mouse retinae 
(Wang etal., 1987; McMenamin etal., 1992). 
This chapter investigates the phenotype and distribution of cells expressing 
MHC and leucocyte antigens in the rodent eye and in particular, the retina. Normal 
adult mouse and rat ocular tissues have been processed using sensitive 
immunohistochemical techniques and the characteristics of MHC and leucocyte 
antigen-bearing cells qualitatively assessed. 
MATERIALS AND METHODS 
Normal adult mouse (n=59) and rat (n=23) eyes were processed using lectin 
and IDPase histochemistry and immunohistochemical techniques. Immunoreactive 
cells were visualised using immunofluorescence, avidin-biotin peroxidase or 
immunogold labelling. Qualitative assessments of lectin and IDPase reactive cells as 
well as cells expressing Ia/Ox-6, T200/0X-l, OX-42 and GFAP antigens were made 
in the retina, ciliary processes, iris, cornea and conjunctivum. All procedures, 
including control experiments, were carried out as detailed in Chapter 2. 
RESULTS 
Histochemical Labelling 
Lectin 
Lectin histochemistry revealed positive staining of retinal blood vessels and 
large, ramified cells, identified as microglia, throughout mouse retinal wholemounts. 
Positively labelled cells displayed numerous long cell processes extending from a 
small, oval cell body and were distributed in the inner retinal layers, most notably in 
the NFL (Fig. 7.1A). Enface examination revealed both vessel-associated and non 
vessel-associated positive cells across the retinal area (Fig. 7.1B). Although lectin 
staining was always intense, the distinction between labelled cells and vascular 
elements was often difficult using this technique. 
Figure 7.1 Cross sections of lectin stained retina (A) exhibited 
staining of cells in the inner layers. Adult mouse retinal 
wholemounts were prepared using lectin (B) and IDPase 
(C , D) histochemistry. Positively labelled blood vessels 
and microglia were distributed in the inner retinal layers 
and at most locations across the retinal surface area. 
Lectin and IDPase-positive microglia (arrows) were large 
and extensively ramified. V, vitreal surface; RPE, retinal 
pigment epithelium; BV, blood vessel. Scale bar=50 ~m 
(A, B, D); 200 ~m (C). 
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IDP 
IDPase histochemistry provided consistent staining of retinal blood vessels 
and microglia in all mouse retinal specimens examined (Fig. 7 .lC). IDPase reactive 
cells were generally large and dendritiform (Fig. 7 .lD) occurring in several planes 
through the inner retinal thickness. The most intense labelling was observed at the 
edges of retinal wholemounts suggesting less effective penetration of tissue at more 
central locations. Large, dendritiform IDPase-positive cells were also detected in 
flatmounted mouse iris and ciliary processes (not illustrated). In addition, IDPase-
positive LC were observed in the mouse peripheral cornea and conjunctiva. 
Occasionally, positive LC were seen to contact IDPase-positive blood vessels at the 
corneal periphery (not illustrated). 
Immunohistochemical Labelling 
Specimens processed using immunohistochemistry were found to provide the 
most consistent and intense cell labelling compared with lectin and IDPase 
histochemistry. Intense labelling was observed using immunogold, immuno-
fluorescence and peroxidase techniques. GFAP reactivity was always evident in 
positive controls of both mouse and rat adult retinae (Fig. 7 .2). Positively labelled 
astrocytes had small cell bodies and extensive branching of cell processes which 
formed a regular network along the retinal vasculature. GF AP-positive astrocytes 
were observed in the inner retina extending across most of the retinal surface (Fig. 
7 .2C). Qualitative assessment of tissue labelling in both rat and mouse ocular tissues 
is summarised in Table 7 .1. 
Cornea and Conjunctiva 
Mouse. Large numbers of rounded and dendritiform ce\ls expressed T200 antigens 
in adult corneal wholemounts (Fig. 7.3A, B, C). T200-positive LC and leucocytes 
were intensely labelled in the corneal periphery, limbus and conjunctiva; in addition, 
T200-positive LC were occasionally seen in central cornea. Similarly, LC expressing 
Ia antigens were detected in the corneal periphery and limbus of wholemounted adult 
specimens; !a-positive cells displayed a dendritiform morphology (Fig. 7.3D). Cells 
expressing T200 and Ia antigens were distributed primarily in the anterior stroma 
and corneal epithelium. 
Rat. In corneal wholemounts of rat adult specimens, both OX-6 (Fig. 7.3E) and OX-
1-positive cells were identified at the corneal periphery, limbus and conjunctiva (Fig. 
7.3F). Positive cells displayed dendritiform or rounded morphologies and were also 
distributed in the anterior stroma and corneal epithelium. Some epithelial ce\ls at the 
corneal \)eri\)hery and limbus were intensely reactive for OX-6 antigens (Fig. 7 .3E). 
Figure 7.2 In both mouse and rat adult specimens positive controls 
consisted of retinal samples tested for GFAP reactivity 
using immunofluorescence (A), peroxidase (not 
illustrated) and immunogold (B, C) labelling. GFAP-
positive astrocytes were observed in the inner retinal 
layers and were distributed across the entire retinal area 
forming a rich network along the retinal vasculature. BV, 
blood vessel. Scale bar=50 Jlm (A, B); 100 Jlm (C). 

Figure 7.3 Mouse adult corneal wholemounts showing T200 (A, B, 
C) and !a-positive (D) LC at the corneal limbus and 
periphery (A, B , peroxidase; C, D , immunogold 
histochemistry). Rat adult corneal wholemounts prepared 
using irnrnunogold histochemistry are illustrated in E & F; 
OX-6-positive LC were seen in the corneal periphery, at 
the limbus (E) and in the conjunctiva (F). All positive 
cells were either rounded (arrowhead) or dendritiform 
(arrow, unfilled arrow) in morphology. C, cornea; b, basal 
epithelial cells; L, limbus; Ep, epithelium. Scale bar=50 
~(D); 100 ~m (B, C, E, F); 200 ~m (A). 
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Table 7.1 Labelling in Mouse and Rat Ocular Tissues* 
Marker Cornea & Iris Ciliary Retina 
Conjunctiva Processes 
Mouse 
T200 +++ ++ ++ ++ 
Ia ++ ++ ++ ++ 
GFAP nt nt nt +++ 
Rat 
OX-1 ++ ++ ++ + 
OX-6 +++ +++ +++ ++ 
OX-42 nt ++ ++ ± 
GFAP nt nl nt +++ 
* Qualitative Scale: ±variable, +weak, ++positive, +++ strongly positive, nt, not tested 
Ciliary Processes and Iris 
In both mouse and rat adult specimens cells expressing OX-6, OX-1, OX-42 
(Fig. 7.4 A, B, D), T200 and Ia antigens (Fig. 7.4C) were observed in flatmounted 
iris and ciliary processes. In all cases positively-labelled cells had a dendritiform or 
rounded morphology. While similar numbers of cells appeared to be labelled using 
OX-1 and OX-6 antibodies in rat tissues, relatively few cells were found to express 
OX-42 antigens in samples from the same specimens. Likewise, in the mouse eye 
similar numbers of cells were seen to express Ia and T200 antigens in samples from 
the same specimen. The most reliable and distinct labelling was obtained using 
albino BALB/c mice and Lewis rats compared with the remaining pigmented 
animals. 
Retina 
Mouse. Microglia expressing T200 and Ia antigens were observed in most mouse 
retinal wholemounts examined (Fig. 7 .5), although intensity of labelling was low and 
variable. The majority of T200 and !a-positive cells displayed dendritiform 
morphologies; cells of a rounded morphology were rarely seen. Positive cells were 
distributed through the inner retinal laminae and were generally evident at various 
retinal locations, including the optic nerve head and surrounding retina, the mid-
periphery and the retinal margin (Fig. 7 .5). Both vessel-associated and parenchymal 
(non vessel-associated) microglia were labelled using antibodies directed against 
Figure 7.4 Flatmounts of ciliary processes and iris revealed labelled 
cells in both rat (A, B, D) and mouse (C) adult specimens. 
OX-6 (A) and OX-42-positive cells (B) are shown in 
flatmounts of iris from a Lewis rat; relatively fewer 
numbers of OX-42 compared with OX-6-positive cells are 
evident in samples from the same specimen. !a-positive 
(C, arrow) and OX-6-postive (D, unfllled arrow) cells are 
illustrated in the ciliary processes of mouse and rat 
flatmounts . Positive cells of the iris and ciliary processes 
displayed either dendritiform or rounded morphologies. 
Immunogold histochemistry. cp, ciliary processes. Scale 
bar=200 Jlm (A, B); 100 Jlm (C, D). 

Figure 7.5 T200 (A, B, peroxidase histochemistry) and Ia antigens 
(C-F, immunogold histochemistry) were expressed by 
retinal microglia in the inner retinal layers of mouse adult 
specimens. Labelled cells were seen at most retinal 
locations, including the region surrounding the optic nerve 
(A, C), the retinal mid-periphery (D, E) and the retinal 
margin (B, F). T200 and !a-positive microglia were 
generally large and ramified and cell processes extended 
both across the retina and throughout the inner retinal 
layers. The majority of labelled cells were observed at the 
retinal margin. ON, optic nerve head; rm, retinal margin. 
Scale bar=lOO ~m (A, B, C); 50 ~m (D, E, F). 

Figure 7.6 OX-6-positive microglia, visualised using immungold 
histochemistry, are illustrated in retinal wholemounts of 
adult Brown Norway rat. Both perivascular (unfilled 
arrow) and parenchymal microglia (solid arrows) were 
identified and labelled cells had a dendritiform 
morphology. OX-6-positive rat microglia were less 
intensely labelled and occured in relatively fewer numbers 
than !a-positive microglia seen in mouse retinae (see Fig. 
7.5). BV, blood vessel. Scale bar=50 J.tm (A, B); 100 J.tm 
(C ). 
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T200 and Ia antigens. Labelling was generally more intense on cells at the retinal 
margin compared with those in posterior (central) retina. Qualitative analyses 
suggest that greater numbers of T200-positive cells are labelled in mouse retinae 
compared with Ia-positive cells. 
Rat. Expression of OX-1, OX-6 and OX-42 antigens was observed on microglial 
cells, scattered across rat retinal wholemounts. OX-1 and OX-6-positive cells were 
either extensively ramified or rounded with short processes and both perivascular 
and parenchymal microglia were detected (Fig. 7.6). OX-42-positive cells displayed 
a rounded morphology. OX-6-positive cells were evident in several rat retinae, 
occurring principally in the retinal periphery and near the vasculature. In contrast, 
labelling using OX -1 antibody was weak and less consistent than using OX -6 
antibody. Expression of OX-42 antigen by retinal microglialmacrophages was 
variable (Table 7.1). Generally, labelled microglia were distributed in the inner 
retinal laminae and relatively few labelled cells were observed in any one retina. For 
example, OX-6-positive cells always comprised less than 10 cells per retina. 
DISCUSSION 
The present results indicate that improved labelling of microglia and 
macropbages is obtained using immunogold histochemical techniques. Qualitative 
observations reveal MHC-II, CD45 and macrophage-expressing cell populations in 
flatrnounts of mouse and rat retina, cornea, iris and ciliary processes using gold 
immunohistochemistry, consistent with observations in adult (Penfold et al., 1993) 
and foetal (Chapters 3-6; Diaz-Araya et al., 1995a, 1995b, 1995c) human ocular 
tissues. Microglia in the mammalian brain, retina and epidermis have been 
previously identified using enzyme (Terubayashi et al., 1984; Sanyal and De Ruiter, 
1985; Schnitzer, 1989; Sting!, 1990) and lectin (Streit and K.reutzberg, 1987; Suzuki 
et al., 1988; Ashwell et al., 1989; Kaur and Ling, 1991) histochemical methods. 
However, gold immunohistochemistry used in the present study appears to provide a 
more sensitive and reliable technique for the identification of these cell populations 
and may be a useful method in further studies of microglial phenotype, morphology 
and function. 
Resident populations of DC and macrophages have been reported to coexist 
in normal human tissues (Holt et al., 1985; Wood et al., 1985; Franklin et al., 1986; 
Poulter et al., 1986; Brooks and Moore, 1988; Matyszak et al., 1992; Pavli et al., 
1993). Consistent with the present study, heterogeneous populations of DC and 
macrophages have been described previously in the tissues surrounding the anterior 
chamber of the mouse (Wang et al., 1987; Knisely et al., 1991; McMenamin et al., 
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1994), rat (McMenamin and Holthouse, 1992; McMenamin et al., 1992, 1994) and 
human (McMenamin et al ., 1994) eye, as well as in the mouse (Wang et al., 1987) 
and rat (Forrester et al., 1994) choroid. 
The presence of MHC-II-positive LC in the corneal periphery is consistent 
with previous reports (Rodrigues et al., 1981; Treseler and Sanfilippo, 1986), 
however, in the present study LC were also seen in the central cornea in most normal 
specimens. Generally, the distribution and morphology of cells expressing MHC and 
leucocyte antigens in the rodent cornea (present study) is similar to that described for 
human cornea (Rodrigues et al., 1981; Fujikawa et al., 1982; Gillette et al., 1982; 
Treseler et al., 1984; Whitsett and Stulting, 1984; Vantrappen et al., 1985; Williams 
et al ., 1985; Diaz-Araya et al., 1995a; Chapter 3) con fuming the suitability of these 
animals as experimental models for the study of corneal transplantation. 
GFAP-positive astrocytes were identified in all retinal positive controls, 
confirming the reliability of the immunohistochemical approach and demonstrating 
that Ia/OX-6 and T200/0X-1-positive cells are not astrocytes. The morphology, 
phenotype and distribution of GFAP-positive astrocytes was seen to be distinct from 
that of labelled retinal microglia. GFAP-positive astrocytes were found across the 
entire retinal surface forming an elaborate network of cell processes contacting the 
vasculature, consistent with observations in animals with total retinal vascularisation 
(cats, rats, primates) (Shaw and Weber, 1983; Stone and Dreher, 1987; Schnitzer, 
1988a; Distler et al., 1993; Ramirez et al. , 1994). 
MHC-ll Immunoreactivity by Microglia in Rodent Retinae 
The present results demonstrate a population of MHC-II-bearing cells in 
normal adult rodent retina and indicate that significant differences exist in the 
number and distribution of MHC-II-positive microglia in rat and mouse versus 
human retinae. Small populations of MHC-II-positive microglia were identified in 
adult rat and mouse retinal wholemounts. CD45 and macrophage (OX-42)-positive 
cells were also observed. The data are consistent with reports of resident populations 
of CD45, MHC-II and Mac S22-positive microglia in both adult (Penfold et al., 
1993; Provis et al., 1995b) and foetal (Chapters 4 and 5; Diaz-Araya et al., 1995b, 
1995c) human retina. However, the relatively low levels of immunoreactivity and 
fewer numbers of cells in the rodent retina suggest significant interspecies 
differences. 
Populations of Ia (MHC-II)-positive DC have been identified in situ in the 
tissues surrounding the anterior chamber (McMenamin and Holt, 1992; McMenamin 
and Holthouse, 1992; McMenamin et al ., 1992, 1994) and choroid (Forrester et al., 
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1994) of the normal rodent eye, but not in the retina (Wang et al., 1987; 
McMenamin and Holt, 1992; McMenamin et al., 1992). Conversely, constitutive 
expression of MHC-II antigens by a proportion of ramified microglia has been 
reported recently in the normal CNS of Brown Norway rats (Sedgwick et al ., 1993) 
and also in the retina of Lewis and PVG rat strains (Dr. A. Dick, personal 
communication) when analysed using a fluorescence-activated cell sorter (F ACS). 
This is the first in situ detection of MHC-II-positive microglia in rodent retinae, 
probably resulting from the superior sensitivity obtained using immunogold 
histochemistry combined with the use of flatmounts, rather than sections, in which 
all reactive elements can be seen. 
The number of lectin-labelled microglia in the normal postnatal rat retina has 
been reported to be approximately 19000 cells at Pl2 (Ashwell et al., 1989). 
Qualitative examination of adult rat retinae in the present study suggests that MHC-
II-positive cells are present in low numbers (approximately 10 cells or less per 
retina). It seems, therefore, that in the mature rat retina only a minor portion of the 
microglial population (less than 0.1 %) expresses MHC-11 antigen. These estimates 
are comparable with recent F ACS data which have identified a phenotypically 
distinct minor population of MHC-11-positive cells in the normal rat retina which 
comprises 0.36-0.42% of gated cells (Dr. A. Dick, personal communication). By 
comparison, the studies presented in this thesis (Chapters 4 and 5; Diaz-Araya et al., 
1995b, 1995c) and elsewhere (Penfold et al., 1993; Provis et al., 1995b) suggest that 
in the human retina the majority, if not all, microglia express MHC antigens, 
indicating significant differences between rodent and human retinal immunity. 
It has also been observed that immunoreactivity for MHC antigens is more 
readily identified in Brown Norway compared with Lewis rat strains, confirming that 
MHC-IT antigen immunoreactivity varies between strains as reported recently in the 
rat CNS (Sedgwick et al. , 1993; Linke and Male, 1994). Strain-dependent variation 
in the numbers of MHC-ll-positive DC have also been noted in the flatmounted rat 
iris and ciliary body (McMenamin et al., 1994). Species differences in the phenotype 
and topography of MHC-11-positive retinal microglia may have important 
implications for the study of ocular immunology particularly when considering 
which species and strains may best model human ocular immunity. 
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The use of immunogold histochemistry in combination with freshly obtained 
wholemounted tissue has led to novel findings in both the normal human foetal and 
adult rodent eye. Significant differences have been demonstrated in the present thesis 
in the-distribution and intensity of MHC-II immunoreactivity in the rodent compared 
with human retina. While MHC-11 antigen is constitutively expressed by most 
microglial cells in the human foetal and adult retina (Chapter 4; Diaz-Araya et al., 
1993c; Penfold et al., 1993), in the rodent retina only a minor proportion of all 
microglia appear to express MHC-11 antigens (Chapter 7). Comparison of primate 
and other mammalian MHC determinants suggests increasing complexity of 
allotypic variation, and conceivably MHC expression, during evolution (see Fig. 
4.23, Roitt et al., 1989). Furthermore, strain variations amongst individuals of the 
same species may not be surprising considering the degree of allotypic variation 
observed in the MHC region antigens. However, difficulties associated with the 
collection and examination of fresh human tissues emphasise the importance of 
animal studies in developing an understanding of the normal and diseased eye. To 
this end, examination and re-evaluation of the similarities and differences between 
human versus animal systems will be very significant in application of animal 
models to the human condition. 
The migration of haematogenous cells (leucocytes) into neural tissue is a 
ubiquitous developmental phenomenon in human embryos and foetuses, 
commencing prior to 10 WG (Choi, 1981) and MHC antigens have been detected in 
most human foetal tissues, except the brain, by 8 WG (Natali et al., 1982). In this 
thesis, cells expressing leucocyte and MHC antigens were identified in most human 
foetal ocular tissues, including the retina, and in the skin by 10 WG. The present 
results support a leucocyte lineage for the retinal microglia (Choi, 1981; Hickey and 
Kimura, 1988; Penfold et al., 1991, 1993), consistent with current knowledge 
concerning the origin of LC (Katz et al. , 1979), DC (Steinman and Nussenzweig, 
1980) and macrophages (Lasser, 1983; Perry and Gordon, 1991) in non-neural 
ocular tissues and in the skin. 
In the developing human cornea, cells expressing CD45, MHC and Mac S22 
antigens were identified as LC and macrophages (Chapter 3; Diaz-Araya et al., 
1995a). CD45 and MHC-immunoreactive cells were distributed through the corneal 
thickness in both the epithelium and the stroma and concentrated centrally from as 
early as 10 WG. Densities of immunoreactive cells increased steadily with 
increasing gestational age, indicating that the reduction in cell densities must occur 
after 25 WG. In the mature cornea LC are either few or absent from the central 
cornea 
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In the retina, microglia expressing CD45 and MHC antigens were first 
observed at tO WG at the retinal margin, concentrating centra\\)' with increasing 
gestational age (Chapter 4; Diaz-Araya et al., 1995c). The present studies 
demonstrate that retinal microglia invade the developing retina prior to 
vascularisation and prior to the onset of natural cell death. In contrast with previous 
studies carried out in non-primate retinae the present studies indicate that in humans 
microglia invade the retina via two principal routes - the retinal margin and the optic 
disc - and that they populate both inner and outer retinal layers from the earliest 
stages studied. Furthermore, the majority of microglia entering the retina prior to 
vascularisation ( 10-13 WG) do so via the retinal margin, most likely arising from the 
vasculature of the iris and ciliary body. With retinal vascularisation, relatively large 
numbers of microglia populate the retina via the optic disc. Subsequently, microglia 
continue to enter the retina via these two routes increasing in average densities up 
until, and most likely beyond, 25 WG. 
Two morphological forms of CD45, MHC and macrophage-immunoreactive 
cells were observed consistently in the human foetal retina, cornea and other ocular 
tissues. Immunoreactive cells were either large and dendritiform or small and 
rounded with short processes. However, contrary to what might be expected, a 
relationship was not observed between morphology and antigenicity, confirming the 
view that dendritic morphology is not indicative of cell origin or function (Sting!, 
1990). The present thesis indicates that microglia, LC, DC and macrophages can 
occur in both 'dendritic' and rounded forms at all ages studied (Chapters 3-6). 
Microglia have been reported to enter the developing mammalian retina as rounded 
('amoeboid') cells with few cell processes and to undergo progressive 
transformation into ramified microglia (Cammermeyer, 1970; lmamoto and Leblond, 
1978; Murabe and Sano, 1982b; Boya et al. , 1987a; Ashwell, 1989; Ashwell et al., 
1989; Schnitzer, 1989). In the present studies, however, both dendritiform and 
rounded cells are present in all ocular tissues by 10 WG and are evident throughout 
the range of ages studied. The results imply that two morphological forms of cells 
migrate into the human retina from 10 WG onwards (Chapter 4). Consistent with this 
finding, the term 'amoeboid' microglia was not used in this thesis. 
The studies presented in this thesis provide strong evidence for the presence 
of heterogeneous populations of leucocyte lineage cells in all human fetal ocular 
tissues (Chapters 3, 5-6; Diaz-Araya et al., 1995a, 1995b, 1995d; Provis et al., 
1995a). While the majority of immunoreactive cells were found to express CD45 
and MHC antigens, a second population of Mac S22-expressing cells was 
consistently identified, comprising 30-50% of the numbers of CD45-positive cells. 
.,. 
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Interestingly, the results presented in Chapters 5 and 6 suggest that CD68 and 
CD llc antibodies, often referred to as macrophage markers, did not label 
populations co-extensive with the Mac S22 reactive cells, and may not, therefore 
specifically identify macrophages. This issue remains to be investigated further 
using in vitro and immunohistochemical analyses. 
The results of FACS analyses of human foetal retinal microglia have recently 
confirmed the results of the in situ studies reported here (Diaz-Araya et al., 1996). 
Those studies indicate that during development microglia are immunoreactive for 
CD45, MHC-11 and CD llc antigens and that approximately half the CD45-
expressing cells in human foetal retina also express MAC S22 antigen. The present 
data and those derived from FACS analyses, therefore, indicate that the macrophage-
expressing cells described in these studies are a subpopulation of the CD45-
expressing population. 
Previously, consensus has been reached that microglia are ontogenetically 
related to cells of the MPS lineage. However, while the present studies support a 
leucocyte lineage origin for all microglia, they also imply that only a proportion of 
the microglia have a monocytic origin. Moreover, the present results suggest that 
microglia and macrophages are ontogenetically distinct populations. 
The detection of MHC-Il-positive microglia in the developing human retina 
(Chapter 4) provides support for the proposition that microglia have phenotypic 
characteristics related to a possible function as dendritic antigen presenting cells 
(APC) in the CNS (Lowe et al., 1989; Gehrmann et al., 1993; Ulvestad et al., 1994), 
including the adult retina (Penfold et al. , 1993). The retina is unique in its lack of a 
lymphatic system, compared with most tissues. However, despite this distinction, 
and consistent with these previous studies, human foetal retinal microglia appear to 
share phenotypical characteristics with LC, DC and macrophages of the human 
foetal cornea, other ocular tissues and the skin (Chapters 3-6). These findings extend 
the historical concept of microglial function from a simple phagocytic role to a 
specialised role in immune surveillance and responsiveness. The current evidence 
thus challenges the view that the eye is a site of immune privilege (Lampson, 1987; 
Abi-Hanna etal., 1988; Perry and Gordon, 1988; Tompsett et al., 1990; Streilein et 
al., 1992), and may help in understanding abnormalities of immune function within 
the CNS. 
However, the expression of MHC-II antigens by retinal microglia alone 
cannot be considered proof of their possible function as dendritic APC in the 
developing and mature human retina and CNS. Microglia and DC share a common 
dendritic morphology (Wood et al., 1985; Lowe et al., 1989; Penfold et al. , 1993; 
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Diaz-Araya et al., 1995c) and express CD45 (Wood et al., 1991; Penfold et al., 
1991) and MHC-II antigens (Hayes et al., 1987; Gehrmann et al., 1993; Penfold et 
al., 1993; Diaz-Araya et al., 1995c). Current information suggests that microglia are 
a stable population that turns over very slowly (Perry and Gordon, 1991; Davis et 
al., 1994; Lass mann et al., 1993). Little if any repopulation of microglia by 
monocytes occurs in adults (Lassmann et al., 1993), indicating that microglia might 
be life-long CNS residents. In contrast, DC in spleen and lymph have been shown to 
originate from a proliferating pool of precursors and undergo rapid turnover 
(Steinman, 1991). However, despite an apparent difference in turnover rates of 
microglia versus DC, both cell types have been reported to turnover as a result of 
both cell division in situ and the recruitment of cells from the circulating monocyte 
pool (Lawson et al., 1992; Teunissen, 1992). 
In both rats (Matsumoto et al., 1992; Cash and Rott, 1994; Dick et al., 
1995; Gehrmann etal ., 1995) and humans (Lowe etal., 1989; Penfold eta!., 1993; 
Williams et al., 1993; Ulvestad et al., 1994 ), microglia have been shown to 
constitutively express phenotypic and functional characteristics in common with 
DC. The question regarding the potential of microglia to act as APC has been the 
subject of a number of studies. Frei et al. ( 1987) were the first to demonstrate that 
interferon-y-primed mouse microglia were capable of presenting antigen toT-line 
cells in vitro. Furthermore, in the rat CNS it has been shown that microglia even at 
comparatively low cell doses effectively present antigen toT cells (Matsumoto et 
al. , 1992; Gehrmann et al., 1995). Human foetal MHC-II antigen-bearing thymic 
cells have also been reported to stimulate allogeneic lymphocytes in a mixed 
lymphocyte reactions (MLR), suggesting that MHC-II antigens synthesised by 
foetal cells may be immunologically functional (Natali et al., 1982). In addition, in 
the human brain, enriched microglial cultures have been shown to induce primary 
T cell responses (Williams et al., 1993; Ulvestad et al., 1994) and in the rat have 
been shown to qualify as stimulators of unprimed CD4+ and CDS+ lymphocytes 
(Cash and Rott, 1994). The ability of human retinal microglia to act as APC, 
however, has yet to be fully resolved. Preliminary results in our laboratory 
indicate that human foetal retinal cells can produce a moderate MLR and that ad-
mixing these cells does not appear to inhibit the MLR reaction (Penfold et al., in 
progress). 
In contrast, however, others have suggested that microglia may down-
regulate T cell responses rather than amplify them (Sedgwick et al., 1993). 
Furthermore, it has been reported that while rat CNS macrophages are effective 
APC, microglia are not (Ford et al., 1995). Ford et al. ( 1995) suggested that the 
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little APC activity exhibited by microglia may be due in part to the low levels of 
MHC-II on microglia from the rat CNS. Consistent with this suggestion, the 
results of the present thesis suggest that in the human retina levels of MHC-ll 
expression are significantly higher than those in the mouse or rat retina and it 
seems reasonable to speculate that this difference may result in different functional 
characteristics of human versus rodent retinal microglial cells. B7 is an 
immunofunctional (costimulatory) molecule expressed by APC and plays an 
important role in T cell activation and proliferation (De Simone, et al., 1995). 
Microglia in the human foetal CNS have been shown to express B7 thus implying 
that these cells may be capable of functioning as CNS APC that can both initiate 
and perpetuate CD4+ T cell activation (Williams et al., 1994). Current studies in 
our laboratory are also investigating the expression of B7 by human foetal retinal 
cells both in situ and in vitro. 
Inconsistencies in results for the ability of microglia to function as APC in 
a primary MLR are probably due to both interspecies variations and 
methodological difficulties. However, it is possible that the functional capacity of 
retinal microglia could be arrested due to the large numbers of macrophages 
present in the developing human retina. Consistent with other tissues (Holt et al ., 
1985; Pavli et al., 1993), macrophages may suppress immune capacity during 
retinal development. Furthermore, it has been suggested that the antigen 
presenting capacity of microglia is different in adult versus developing tissues and 
that adult microglia may in fact be in a more down-regulated immune status than 
microglia in the developing brain (Gehrmann et al., 1995). Immunomorphological 
studies must, therefore, be correlated with functional experiments before the 
immunological functions of microglial cells can be confirmed. The functional 
implications of the present fmdings provide a ripe field for further investigations 
and are beyond the scope of this thesis. 
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APPENDIX I 
Average Diameters of Immunoreactive Cells 
;.·-/~::i 
Diameters of Mac 
Age Number Superficial Superficial Number I Deep I Deep (WG) of cells soma field of cells soma field 
measured (±S.D.) (±S.D.) measured 
12 50 10.7 ± 2.2 39.4 ± 7.1 50 10.7 ± 1.5 34.3 ± 8.9 
15 100 10.0± 1.5 42.2 ± 11 100 9.6 ± 1.6 35.5 ±7.8 
18 100 8.9 ± 1.5 41.5 ± 9.4 100 10.2 ± 1.5 35.2 ± 7.6 
20 80 9.3 ± 1.5 41.9 ± 8.7 100 7.9 ± 1.2 33.2 ± 7.8 
Mean across ages (± 9.7 ± 1.7 41.3 ± 8.9 ftt~~;,~'tE ~' ~~1· 9.6 ± t.s 34.5 ± 8.0 
Iii 
Diameters of MHC 
12 100 7.4 ± 1.5 34.9 ± 8.1 100 7.3 ± 1.5 36.5 ± 10 
15 75 7.3 ± 1.4 39.9 ±9.3 75 8.7 ± 1.5 33.1 ± 11 
18 75 5.8±0.9 34.6±7.7 75 8.2 ± 1.6 30.5 ±7.5 
20 100 6.0± 1.2 37.9 ± 8.3 100 7.5 ± 1.9 33.5 ±9.7 
Mean across ages 6.6 ± 1.3** 36.8 ±8.3* lf±c. •Yi'• +•·~;e,1;!rs~* :.s .;;;;~~1·s~ • 7.9 ± 1.6* 33.4 ± 9.6 
!.) 
* p<0.05 
** p <0.01 
------- - ------ ------- - ------ ------- - ------ ------- - ------ ------- - ------ ------- - ------
-------- ------- - ------- - ------ ------- - ------ -------
APPENDIX ll. Data for MHC-11- reacted human foetal retinae (Chapter 4). 
Age Area Densit range ( cellslmm2 Total number of cells Av. density (cells/mrn2) 
(nun2) Superficial Middle Deep Superficial Middle Deep Superficial Middle Deep Total 
layer layer layer layer layer layer layer layer layer 
10 13.6 3-29 3-46 2-13 119 341 67 8.8 25.1 4.9 38.8 
I 
11 16.2 3-98 2-60 20-87 436 284 1063 26.9 17.5 65.6 I 10 
11 18.1 3-91 2-90 1-42 727 782 164 40.2 43.2 9.1 92.5 
11 18.9 6-50 6-94 3-24 457 844 114 24.2 44.7 6.0 74.9 
12 36.8 1-30 1-42 2-50 111 200 685 3.0 5.4 18.6 27 
13 43.0 2-25 1-53 1-3 144 188 5 3.3 4.4 0.1 7.8 
13 55.0 1-99 1-48 1-14 723 829 53 13.1 15.1 1.0 29.2 
14 56.0 1-108 5-100 1-84 1205 1286 655 21.5 23.0 11.7 56.2 
14 60.1 1-78 1-52 1-22 1713 1459 253 28.5 24.3 4.2 57 
14 62.6 1-150 9-80 1-16 2198 1904 140 35.1 30.4 2.2 67.7 
15 50.3 1-153 6-84 1-31 1664 2103 270 33.1 41.8 5.4 80.3 
16 92.7 1-100 1-55 1-15 2174 2031 130 23.5 21.9 1.4 46.8 
17 117.2 1-204 1-130 1-82 3215 7242 2271 27.4 61.8 19.4 108.6 
18 134.1 2-98 1-29 1-34 832 3707 197 6.2 27.6 1.5 35.3 
18 155.3 1-36 1-88 1-16 737 3850 479 4.7 24.8 3. 1 32.6 
20 180.0 1-187 1-238 5-211 6588 4706 10018 36.6 26.1 55.6 118.3 
20 - 1-216 0-108 13-109 
- - -
83.2 52.3 67.3 202.8 
25 
- 2-126 0-79 9-178 - - - 25.9 28.3 72.5 126.7 
-
APPENDIX m. Data for CD45, MHC-1 and Mac S22-reacted human foetal retinae (Chapter 5). 
Age Area Densit 1r rang~ ( cellslmm2 Total number of cells Av. density (cellslmm2) 
(mml) Superficial Middle Deep Superficial Middle Deep Superficial Middle Deep Total 
layer layer layer layer layer layer layer layer layer 
CD45 
to ILl 0-4 0-69 0-33 4 237 35 0.4 21.4 3.2 25.0 
14 69.6 0-133 10-187 0-43 3806 2949 559 54.7 42.4 8.0 105.1 
18 115.4 1-70 0-44 0-5 2033 1110 88 17.7 9.7 0.8 28.2 
20 - 12-40 32-82 53-114 - - - 21.0 59.0 87.0 167.0 
MHC-1 
11 15.1 l-40 t-28 0-16 130 166 46 8.6 11.0 3.0 22.6 
12 44.9 0-14 0-55 0-40 93 307 589 2.1 6.8 13. t 22.0 
15 54.4 0-54 0-80 0-28 482 1832 197 8.9 33.6 3.6 46.1 
18 106.9 0-106 0-129 0-40 2062 2333 608 19.3 21.8 5.7 46.8 
MacS22 
10 11 .8 
- - - - -
-
-
- - -
11-12 19.3 
- - - - -
-
-
- - - I 
11-12 22.7 - - - - - - - - - -
14 28.7 0-32 0.37 0-21 126 280 155 4.4 9.8 5.4 19.6 
14-15 54.5 0-114 0-16 0-3 394 57 6 1.0 0.1 4.4 5.5 
18-19 95.9 
_0-19 -- 0-40 0-16 158 396 187 1.7 4.1 2.0 7.8 
- -
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